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A b s t r a c t  

The  Widmansti l t ten s t r u c t u r e  i n  o c t a h e d r i t e s  c a n  be under -  * 

s t o o d  i n  d e t a i l  and q u a n t i t a t i v e l y  as  t h e  r e s u l t  o f  s o l i d - s t a t e  

t r a n s f o r m a t i o n s  t h a t  would occur  i n  s l o w l y  c o o l i n g  Ni-Fe a l l o y s .  

High p r e s s u r e  is n o t  n e e d e d  t o  a c c o u n t  f o r  t h e  p r e s e n c e  of  p l e s -  
6 

a s i t e  i n s t e a d  of Widmans tx t ten  s t r u c t u r e s  i n  those p e t e o r i t e s  

where N i  > -13% N i ,  or i n  t h o s e  r e g i o n s  of o c t a h e d r i t e s  where 

-22% > N i  > -13%. Exper imen t s  show t h a t  Ni-Fe a l l o y s  t e n d  t o  

4 

\ 

remain  i n  t h e  form of  metastable y p h a s e  when c o o l e d  from t h e  

y s t a b i l i t y  f i e l d  i n t o  t h e  a + y f i e l d ,  b u t  t r a n s f o r m  p rompt ly  

f rom t h e  metastable a s t a t e  i n t o  a + y .  P l e s s i t e  w a s  formed 2 
when m e t e o r i t i c  a l l o y s  s u p e r c o o l e d  a s  metastable y p h a s e  t o  s u c h  

an e x t e n t  t h a t  t h e y  t r ans fo rmed  t o  a ; thereaf te r  t h e y  decomposed 

t o  f i n e ,  non-Widmanstiltten a + y ,  i . e . ,  p l e s s i t e .  
2 

E l e c t r o n  p r o b e  p r o f i l e s  were made o f  t h e  charac te r i s t ic  

N i  d i f f u s i o n  g r a d i e n t s  i n  t a e n i t e - p l e s s i t e  r e g i o n s  o f  e l e v e n  

o c t a h e d r i t e s .  A d i g i t a l  computer program w a s  se t  up t o  g e n e r a t e  

a r t i f i c i a l  d i f f u s i o n  g r a d i e n t s  by s o l v i n g  t h e  e q u a t i o n  f o r  d i f -  

f u s i o n  of  N i  i n  y a l l o y s  u n d e r  d i f f e r i n g  c i r c u m s t a n c e s ,  i . e . ,  

f o r  s y s t e m s  w i t h  v a r i o u s  b u l k  N i  c o n t e n t s ,  n u c l e a t i o n  s p a c i n g s ,  

n u c l e a t i o n  t e m p e r a t u r e s ,  and  c o o l i n g  ra tes .  I t  was found pos- 

s i b l e  t o  a r t i f i c i a l l y  d u p l i c a t e  t h e  measured g r a d i e n t s  o n l y  i f  

a c c e p t e d  Owen and  L i u  (1949) v e r s i o n  w a s  used  i n  t h e  program. 

R e s u l t s  o f  a s i n g l e  a n n e a l i n g  exper iment  s u p p o r t e d  u s e  of  t h i s  

amended boundary.  



Comparisons o f  computed and measured s t r u c t u r e s  p e r m i t t e d  
e . c o n c l u s i o n s  t o  be drawn a b o u t  t h e r m a l  h i s to r i e s  o f  t h e  o c t a -  

h e d r i t e s  s t u d i e d .  

boundary b e f o r e  Widmanstt t t ten s t r u c t u r e  was p r e c i p i t a t e d .  A 

Most c o o l e d  t o  -100°C b e n e a t h  t h e  y / ( a  + a / )  

L c o r r e l a t i o n  between c o o l i n g  r a t e s ,  s t r u c t u r a l  t y p e s  and p r o b a b l y  

Ga-Ge g roups  a p p e a r s  t o  e x i s t .  The medium, f i n e  and f i n e s t  octa- 

h e d r i t e s  G r a n t ,  T r e n t o n ,  Duchesne, S a n t a  Apo lon ia  and B r i s t o l  

c o o l e d  a t  -1O"C/million y e a r s .  The c o a r s e  and coarsest o c t a -  
l 

h e d r i t e s  A r i s p e ,  Canon Diab lo  and Odessa ,  and t h e  medium o c t a -  

h e d r i t e  To luca  c o o l e d  a t  - l °C /mi l l i on  y e a r s .  Anoka, a f i n e -  

f i n e s t  o c t a h e d r i t e ,  c o o l e d  a t  an anomalous l " C / m i l l i o n  y e a r s .  

These  are c o o l i n g  r a t e s  a p p r o p r i a t e  t o  t h e  c e n t e r s  of as teroids ,  

50 - 90 km i n  r a d i u s  f o r  t h e  first g roup  and 130 - 260 k m  i n  

r a d i u s  for t h e  second .  Two , N i - r i c h  a t a x i t e s  s t u d i e d  (PiGon, 

Monahans) p r e c i p i t a t e d  s c a t t e r e d  k a m a c i t e  c r y s t a l s  u n d e r  c i rcum-  

s t a n c e s  o f  v e r y  r a p i d  c o o l i n g ,  e x c e s s i v e  s u p e r c o o l i n g ,  o r  b o t h .  
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L 
E .  F .  F. C h l a d n i  (1794)  s u g g e s t e d  t h e  m e t e o r i t e s  a r e  

d e b r i s  f rom a n  a l i e n  p l a n e t  d e s t r o y e d  by e x p l o s i o n  o r  c o l l i s i o n ,  

and t h e  idea h a s  been almost u n i v e r s a l l y  h e l d  s i n c e  h i s  t i m e .  

The i r o n  meteori tes ,  which compr ise  a b o u t  5% o f  meteori tes  s e e n  

t o  f a l l  t o  e a r t h ,  a r e  u s u a l l y  though t  t o  be r emnan t s  o f  a core 

o f  n i c k e l - i r o n  i n  t h e  p a r e n t  p l a n e t ,  ana logous  t o  : E a r t h ' s  h igh-  

d e n s i t y  core. Such a c o r e  must have  been t h e  p r o d u c t  of m e l t i n g  

(and p e r h a p s  r e d u c t i o n  of  i r o n  s i l i c a t e s  t o  t h e  m e t a l l i c  s t a t e )  

i n  t h e  i n t e r i o r  of t h e  p l a n e t ,  w i t h  t h e  d e n s e r  l i q u i d  i r o n  f r a c -  

t i o n  s e t t l i n g  t o  t h e  c e n t e r  of  t h e  body, fo l lowed  by s l o w  c o o l i n g  

and c r y s t a l l i z a t i o n .  

About 600 i r o n  m e t e o r i t e s ,  m o s t l y  f i n d s  r a t h e r  t h a n  f a l l s ,  

are p r e s e r v e d  i n  t h e  museums of t h e  w o r l d .  Of t h e s e ,  some 80% 

c o n t a i n  a c u r i o u s  i n t e r n a l  s t r u c t u r e .  Systems o f  p a r a l l e l  p l a t e s  

o f  k a m a c i t e  (a n i c k e l - i r o n ,  body-cen te red -cub ic ) ,  r o u g h l y  a 

m i l l i m e t e r  t h i c k ,  r u n  t h r o u g h  t h e  meteorite. T h e r e  are  f o u r  s u c h  

s y s t e m s ,  p a r a l l e l i n g  t h e  faces  o f  a n  o c t a h e d r o n  and i n t e r s e c t i n g  

i n  a n  i n t r i c a t e  way. The kamac i t e  c o n t a i n s  6 . 5  - 7 . 5  we igh t  p e r  

c e n t  n i c k e l .  C o a t i n g  t h e  s u r f a c e s  of t h e  k a m a c i t e  p l a t e s  is a 

t h i n  l a y e r  o f  t a e n i t e  (a, n i c k e l - i r o n ,  f a c e - c e n t e r e d - c u b i c )  o f  

v a r i a b l e  b u t  h i g h  n i c k e l  c o n t e n t ,  up  t o  abou t  4 5  p e r  c e n t .  The 

p o l y h e d r a l  s p a c e s  between t h e  t a e n i t e - c o a t e d  k a m a c i t e  p l a t e s  are  

f i l l e d  l a r g e l y  w i t h  p l e s s i t e ,  which is n o t  a n o t h e r  a l l o y  b u t  a 
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s i m p l e  m i x t u r e  of  f i n e - g r a i n e d  k a m a c i t e  and t a e n i t e .  P l e s s i t e  
* 

is  h i g h l y  v a r i a b l e  i n  s t r u c t u r e  and g r a i n  s i ze .  Othe r  m i n e r a l s  

o c c u r  i n  i r o n  meteorites i n  s u b o r d i n a t e  amounts -- t r o i l i t e ,  FeS; 
1 

b u t  o n l y  t h e  n i c k e l - i r o n  a l l o y s  w i l l  be t r e a t e d  i n  t h i s  p a p e r .  

The a l l o y  s t r u c t u r e  j u s t  d e s c r i b e d  c a n  be o b s e r v e d  i n  two 

d imens ions  ( F i g .  6A) by s l i c i n g  a n  i r o n  meteor i te ,  p o l i s h i n g  t h e  

sawed f a c e ,  and e t c h i n g  i t  w i t h  d i l u t e  n i t r i c  or p i c r i c  a c i d .  

The geometry o f  t h e  p a t t e r n  r e v e a l e d  depends ,  of  c o u r s e ,  on t h e  

a n g l e  a t  which t h e  r e f e r e n c e  o c t a h e d r o n  was s e c t i o n e d .  The s t r u c -  

t u r e  is named a f t e r  Count Alois d e  Widmans tg t ten ,  d i r ec to r  o f  t h e  

I m p e r i a l  P o r c e l a i n  Works i n  Vienna, who f irst  obse rved  i t  i n  

1808, i n  t h e  H r a s c h i n a  meteorite. I r o n s  c o n t a i n i n g  WidmanstXtten 

s t r u c t u r e  are  ca l led  o c t a h e d r i t e s ,  a f t e r  t h e  geometry o f  t h e  

k a m a c i t e  p l a t e s ,  and a re  s u b d i v i d e d  a c c o r d i n g  t o  t h i c k n e s s  of  

t h e  p l a t e s  ( T a b l e  1 ) .  

S e v e r a l  s t u d i e s  of  0ctahedr"i tes  have  r e c e n t l y  been made, 

i n  which  e l e c t r o n  p r o b e  m i c r o a n a l y z e r s  were used  t o  make p r o f i l e s  

of n i c k e l  c o n t e n t  across t h e  WidmanstXtten p a t t e r n  (Yavnel ,  

B a r o v s k i ,  I l i n  and Marchukova, 1958;  Mar inge r ,  R icha rd  and 

A u s t i n ,  1959;  Fel ler-Kniepmeyer  and U h l i g ,  1961) .  These  have  

shown t h a t  immedia t e ly  a d j a c e n t  t o  k a m a c i t e  t h e  t a e n i t e  is  v e r y  

h i g h  i n  n i c k e l  c o n t e n t ,  b u t  t h a t  n i c k e l  c o n t e n t  d e c r e a s e s  smooth ly  

w i t h  d i s t a n c e  from t h e  i n t e r f a c e .  P less i te  a b u t s  on  t h e  l o w -  

n i c k e l  s i d e  of t a e n i t e  z o n e s ;  its p r o f i l e  is h i g h l y  e r r a t i c  

b e c a u s e  i t  c o n t a i n s  b o t h  h igh-  and low-n icke l  p h a s e s ,  b u t  t h e  
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l o c a l  a v e r a g e  n i c k e l  c o n t e n t  of t h e  p l e s s i t e ,  where t h i s  c a n  be  

estimated, c o n t i n u e s  t h e  s t e a d y  d e c l i n e  begun i n  t h e  t a e n i t e .  
. 

A t  a p o i n t  a p p r o x i m a t e l y  e q u i d i s t a n t  from a l l  bounding k a m a c i t e  

r e g i o n s ,  n i c k e l  c o n t e n t  r e a c h e s  a minimum. Thus,  as a comple t e  

taenite-plessite-taenite s t r u c t u r e  is t r a v e r s e d ,  a n  a p p r o x i m a t e l y  

M-shaped p r o f i l e  is t r a c e d  o u t  '(numerous examples  can  be s e e n  

i n  F i g s .  11-16) .  S i n c e  f r e q u e n t  r e f e r e n c e  w i l l  be  made t o  p ro -  

f i l e s  of s u c h  s t r u c t u r e s ,  t h e  term "M-prof i les"  w i l l  be  adop ted  

i n  t h i s  p a p e r  f o r  b r e v i t y .  

1. FORMATION OF THE WIDMANST~TTEN STRUCTURE 

Obvious ly  t h e  W i d m a n s t 3 t t e n  s t r u c t u r e  formed i n  i r o n  

meteorites as t h e y  c o o l e d  from a n  i n i t i a l l y  homogeneous l i q u i d  

s t a t e ,  and many a t t e m p t s  have  been made t o  e x p l a i n  t h e  s t r u c -  

t u r e  i n  terms o f  t h e  b i n a r y  i r o n - n i c k e l  phase  d i ag ram,  begin-  

n i n g  w i t h  t h e  work of  Osmond and C a r t a u d  (1904) .  The phase  

d i a g r a m  ( F i g .  1 )  c o n t a i n s  an a + y ( i . e . ,  k a m a c i t e  p l u s  

t a e n i t e )  f i e l d  below 910°C, and most wri ters  have assumed t h e  

Widmanst8t ten s t r u c t u r e  formed,  v i a  r e a c t i o n  and d i f f u s i o n  i n  

t h e  s o l i d  s t a t e ,  as  t h e  c o o l i n g  c o r e  o f  t h e  p a r e n t  m e t e o r i t e  p l a n e t  

p a s s e d  t h r o u g h  t h i s  f i e l d .  

The most s t r a i g h t f o r w a r d  way f o r  t h i s  t o  have happened 

is a s  f o l l o w s  (Derge and Kommel, 1937;  P e r r y ,  1944) .  C o n s i d e r  

a l a rge  s i n g l e  c r y s t a l  o f ,  s a y ,  8% N i  a l l o y ,  a t  a s u f f i c i e n t l y  

h i g h  t e m p e r a t u r e  t o  be i n  t h e  y s t a t e .  When i t  c o o l s  t o  below 

712°C i t  e n t e r s  t h e  a + y f i e l d ,  and unde r  e q u i l i b r i u m  cond i -  
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t i o n s  c r y s t a l s  o f  a phase  of  compos i t ion  A '  i n  F i g .  1 are p r e -  

c i p i t a t e d  from t h e  y a l l o y .  The a c r y s t a l s  t e n d  t o  n u c l e a t e  

i n  t h e  form o f  p l a t e s  o r  l a m e l l a e ,  t h e  (110)  l a t t i c e  p l a n e s  

o f  which are  p a r a l l e l  t o  t h e  o c t a h e d r a l  111 p l a n e s  of t h e  

o r i g i n a l  y c r y s t a l ,  p r o b a b l y  because  t h i s  mode o f  t r a n s f o r m a -  

t i o n  r e q u i r e s  t h e  l e a s t  r e a r r a n g i n g  of t h e  o r i g i n a l  y l a t t i c e .  

Young (1926)  h a s  demons t r a t ed  t h a t  t h i s  o r i e n t a t i o n a l  r e l a t i o n -  

s h i p  e x i s t s  between k a m a c i t e  and t a e n i t e  i n  t h e  o c t a h e d r i t e s .  

. 

I i f  

A s  c o o l i n g  p r o c e e d s ,  t h e  e q u i l i b r i u m  N i  c o n t e n t  o f  a 

p h a s e  i n c r e a s e s ,  f o l l o w i n g  A ' B ' C O  i n  F i g .  1. S i m i l a r l y ,  y 

p h a s e  i n c r e a s e s  a l o n g  ABC. Both p h a s e s  c a n  i n c r e a s e  t h e i r  N i  

c o n t e n t  i n  a s y s t e m  of  c o n s t a n t  t o t a l  N i  c o n t e n t  o n l y  i f  t h e  

amount o f  l o w - N i  p h a s e  (a) i n c r e a s e s  a t  t h e  e x p e n s e  o f  t h e  high-  

N i  phase .  Thus t h e  k a m a c i t e  p l a t e s ,  i n f i n i t e s i m a l l y  t h i n  a t  

712"C, grow i n  t h i c k n e s s  w i t h  d e c r e a s i n g  t e m p e r a t u r e ,  a s  

s c h e m a t i c a l l y  d e p i c t e d  i n  t h e  r i g h t  h a l f  o f  F i g .  1. 

N i c k e l  atoms must move by s o l i d  d i f f u s i o n  f rom t h e  a/y 

i n t e r f a c e  (where t h e y  are b e i n g  made a v a i l a b l e  by t h e  t r a n s -  

f o r m a t i o n  o f  high-Ni y i n t o  l o w - N i  a) i n t o  t h e  i n t e r i o r s  of  

b o t h  p h a s e s ,  i n  o r d e r  t o  m a i n t a i n  e q u i l i b r i u m  c o m p o s i t i o n s  i n  

t h e  l a t t e r  as t h e  s y s t e m  c o o l s .  But c o e f f i c i e n t s  o f  s o l i d  

d i f f u s i o n  are s t r o n g l y  t e m p e r a t u r e  d e p e n d e n t ,  and a t e m p e r a t u r e  

is e v e n t u a l l y  r e a c h e d  a t  which d i f f u s i o n  is t o o  s l u g g i s h  t o  

a l low N i  t o  r e a c h  t h e  i n t e r i o r s  of y r e g i o n s .  With f u r t h e r  

c o o l i n g ,  t h e  d i s t a n c e  N i  can  e f f e c t i v e l y  t r a v e l  i n  y p h a s e  

c o n t i n u e s  t o  s h o r t e n ,  and t h e  c u m u l a t i v e  e f f e c t  is t o  create  
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y r e g i o n s  w i t h  inhomogeneous N i  c o n t e n t ,  s u c h  t h a t  t h e  c l o s e r  

a p o i n t  is t o  a n  a/y boundary,  t h e  h i g h e r  is i t s  N i  c o n t e n t  

and t h e  closer i t  is t o  t h e  e q u i l i b r i u m  c o m p o s i t i o n  ( e . g . ,  t h e  

500" p r o f i l e  i n  t h e  r i g h t  h a l f  of F i g .  1). ( N i  d i f f u s i o n  

becomes s l u g g i s h  i n  a p h a s e  a t  a c o n s i d e r a b l y  lower t e m p e r a t u r e  

t h a n  i n  y p h a s e . )  

E v e n t u a l l y  t h e  Ni-poor c e n t e r s  of  these  y r e g i o n s  are  s o  

b a d l y  o u t  o f  e q u i l i b r i u m  t h a t  t h e y  break down i n t o  a f i n e -  

g r a i n e d  m i x t u r e  o f  e q u i l i b r i u m  kamacite and t a e n i t e ,  i . e . ,  

p l e s s i t e .  A l l  charac te r i s t ics  of t h e  Widmans ta t ten  s t r u c t u r e  

have been accoun ted  f o r .  

i 
H. H .  U h l i g  (1954)  has p o i n t e d  o u t  some p u z z l i n g  incon-  

s i s t e n c i e s  i n  t h i s  scheme. Uh l ig  c i t e s  l a b o r a t o r y  e v i d e n c e  

t h a t  y a l l o y s  of u p  t o  34% N i  t r a n s f o r m  q u i t e  r e a d i l y  i n t o  

a + y when t h e y  a re  c o o l e d ,  even when t h e  c o o l i n g  r a t e  is r a p i d .  

How,  t h e n ,  d i d  t h e  low-Ni p l e s s i t e  r e g i o n s  form? A s  soon  a s  

s l u g g i s h  d i f f u s i o n  l e f t  t h e  center o f  a y c r y s t a l  w i t h  s l i g h t l y  

l e s s  t h a n  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  of N i ,  i t  s h o u l d  have  

decomposed, n o t  i n t o  p l e s s i t e  bu t  i n t o  a sub-widmans ta t ten  

s t r u c t u r e .  Y e t  t h e  smooth form o f  m o s t  M-pro f i l e s  shows t h e y  

remained  e n t i r e l y  i n  t h e  f o r m  of s u p e r c o o l e d  y p h a s e  w h i l e  t h e  

r a n g e  of N i  d i f f u s i o n  became smaller  and smaller. P less i te  

must have  appea red  a t  a l a t e  s t a g e .  A l s o ,  why d o n ' t  i r o n  mete- 

o r i t e s  w i t h  more t h a n  13% N i  c o n t a i n  Widmans ta t ten  s t r u c t u r e ?  

Any i r o n  w i t h  less t h a n  34% N i  s h o u l d  have  developed  Widmans ta t ten  

s t r u c t u r e ,  b u t  i n  f a c t  almost a l l  i r o n s  w i t h  more t h a n  13% N i  
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b e l o n g  t o  t h e  c l a s s  o f  n i c k e l - r i c h  a t a x i t e s .  They c o n s i s t  f o r  

t h e  m o s t  p a r t  o f  p l e s s i t e ,  b u t  some c o n t a i n  s c a t t e r e d  k a m a c i t e  

p l a t e s  ( F i g .  l0D). 

U h l i g ' s  answer t o  t h i s  paradox is t h a t  t h e  Widmans tg t ten  

s t r u c t u r e  deve loped  d u r i n g  c o o l i n g  u n d e r  g r e a t  p r e s s u r e .  Pres- 

s u r e  h a s  t h e  g e n e r a l  e f f e c t  o f  s h i f t i n g  t h e  p h a s e  d i ag ram down- 

ward t o  lower t e m p e r a t u r e s .  A t  o n e  a tmosphe re  p r e s s u r e ,  a l l o y s  

w i t h  o v e r  34% N i  c o n t e n t  f a i l  t o  t r a n s f o r m  t o  a + y on c o o l i n g ,  

presumably  b e c a u s e  t h e y  cross t h e  y / ( a  + 4") boundary a t  t o o  

l o w  a t e m p e r a t u r e ;  a c c o r d i n g  t o  t h e  p h a s e  d i ag ram,  t h e  l i m i t i n g  

t e m p e r a t u r e  is 460°C. U h l i g  estimates t h a t  abou t  10  atmos- 

p h e r e s  o f  p r e s s u r e  would s h i f t  t h e  d i ag ram t o  s u c h  an e x t e n t  

t h a t  a l l  a l l o y s  w i t h  g r e a t e r  t han  13% N i ,  no l o n g e r  34% N i ,  

would cross t h e  y/(a + 7) boundary a t  l e s s  t h a n  460°C, and  t h u s  

would f a i l  t o  t r a n s f o r m .  (Ringwood and Kaufman [1962]  have  

5 

made more p r e c i s e  thermochemical  c a l c u l a t i o n s  o f  t h e  e f f e c t  o f  

p r e s s u r e  on t h e  Fe-Ni p h a s e  d iagram;  t h e y  c o n c l u d e  t h a t  

3 - 6 x l o 4  a tmosphe res  would s h i f t  t h e  p h a s e  d iagram by t h e  

d e s i r e d  amount . )  U h l i g  s u g g e s t s  t h a t  a l l  of what is now p l e s s i t e  

remained  i n  t h e  fo rm 

meteorite p l a n e t  was 

r e g i o n s  t o  t r a n s f o r m  

s e q u e n t l y  decomposed 

i . e . ,  p l e s s i t e .  

o f  s u p e r c o o l e d  y p h a s e  u n t i l  t h e  p a r e n t  

d i s r u p t e d .  L o s s  of p r e s s u r e  caused  t h e s e  

to Q -phase ( c i i s cussea  below),  which siib 

t o  a f i n e - g r a i n e d  m i x t u r e  of  a and y p h a s e ,  
2 

T h i s  i n t e r p r e t a t i o n  o f  t h e  Widmans tg t ten  s t r u c t u r e  is 

almost c e r t a i n l y  i n c o r r e c t .  The p r e s s u r e s  d e r i v e d  by U h l i g  and 
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Ringwood and Kaufman r e q u i r e  t h e  i r o n  m e t e o r i t e s  t o  have  formed 

i n s i d e  a p l a n e t  of  s u b s t a n t i a l  s ize .  Many d i f f i c u l t i e s  a re  

a s s o c i a t e d  w i t h  t h e  idea  of d e r i v i n g  any o f  t h e  m e t e o r i t e s  from 

l a r g e  p l a n e t s ;  t h e s e  are d i s c u s s e d  by Anders  (1964) .  U h l i g ' s  

model r e q u i r e s  t h e  i n t e r i o r  of a l a r g e  p l a n e t  t o  c o o l  f rom t h e  

m e l t i n g  p o i n t  of  n i c k e l - i r o n  (about  1500°C) t o  400°C w i t h i n  

t h e  a g e  o f  t h e  s o l a r  s y s t e m .  B u t  t h e  t h e r m a l  i n e r t i a  of  a 

p l a n e t  as l a r g e  as U h l i g  r e q u i r e s  is t o o  g r e a t  t o  p e r m i t  t h i s  

d e g r e e  o f  c o o l i n g .  Urey and Donn (1956) n o t e d  t h i s  i n c o n s i s t -  

e n c y , ,  and A l l a n  and J a c o b s  (1956) a m p l i f i e d  upon i t .  

The d i f f i c u l t y  is i l l u s t r a t e d  i n  F i g .  2 ,  where s e v e r a l  

p l a n e t a r y  t h e r m a l  h i s t o r i e s  a re  p r e s e n t e d .  A d i g i t a l  computer  

w a s  u s e d  t o  o b t a i n  t h e s e  numer i ca l  s o l u t i o n s  o f  t h e  h e a t -  

d i f f u s i o n  e q u a t i o n  (Appendix I ) .  A p l a n e t  a t  l ea s t  1290 km 

i n  r a d i u s  is needed f o r  U h l i g ' s  model;  t h i s  would have  a cen t r a l  

p r e s s u r e  of 3 x l o 4  a tmospheres  (assuming a d e n s i t y  of 3 . 6  

gms/cm ) ,  t h e  minimum a c c e p t a b l e  p r e s s u r e  a c c o r d i n g  t o  Ringwood 

and Kaufman's c a l c u l a t i o n s  (1962) .  Curve A i n  F i g .  2 is t h e  

c o o l i n g  h i s t o r y  o f  a 1290 km p l a n e t  c o n t a i n i n g  no r a d i o a c t i v e  

h e a t  s o u r c e s ,  t h e  i n i t i a l  t e m p e r a t u r e  o f  which was j u s t  a d e q u a t e  

t o  m e l t  n i c k e l - i r o n .  I t  would n o t  have c o o l e d  t o  b e n e a t h  1000°C 

d u r i n g  t h e  age  o f  t h e  s o l a r  sys t em.  Arid t h e  assuiiiptloc of 

r a d i o a c t i v e  h e a t i n g  is u n r e a s o n a b l e ;  i f  t h e  p l a n e t  c o n t a i n e d  

K ,  U and Th i n  t h e  same amounts a s  t h e  most abundant  c l a s s  of  

s t o n y  m e t e o r i t e s ,  t h e  c h o n d r i t e s ,  t h e n  t h e  i n t e r i o r  of  t h e  p l a n e t  

would have h e a t e d ,  n o t  c o o l e d  ( c u r v e s  B and C ) .  

3 
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How, t h e n ,  are t h e  i n c o n s i s t e n c i e s  p o i n t e d  o u t  by U h l i g  

e x p l a i n e d ?  Why d o n ' t  meteorites w i t h  o v e r  13% N i ,  and r e g i o n s  

o f  o c t a h e d r i t e s  i n  t h e  same c o m p o s i t i o n a l  r a n g e ,  c o n t a i n  

Widmanstt i t ten s t r u c t u r e  i n s t e a d  of p l e s s i t e ?  The i n c o n s i s t e n c i e s  

are  based  on t h e  o b s e r v a t i o n  t h a t  a l l o y s  w i t h  up  t o  34% N i  

t r a n s f o r m  r e a d i l y  i n t o  a + y i n  t h e  l a b o r a t o r y .  H e r e  U h l i g  

r e f e r s  t o  t h e  e x p e r i m e n t s  of Mehl and Derge (1937)  and Derge 

and K o m m e l  ( 1937) ,  i n  which a l l o y s  o f  27 - 34% N i  were c o o l e d  

from t h e  m e l t  t o  room t e m p e r a t u r e  i n ,  a t  most, a few h o u r s .  

These  were found t o  p o s s e s s  f i n e  Widmanstt i t ten s t r u c t u r e s ,  

s o m e t i m e s  v i s i b l e  t o  t h e  naked e y e ,  and X-ray d i f f r a c t i o n  

s p e c t r a  showed them t o  c o n t a i n  b o t h  a and y p h a s e .  A r t i f i c i a l  

Widmanst t i t ten s t r u c t u r e  of t h i s  t y p e  had f i r s t  been o b t a i n e d  

by Bened icks  (1910) .  

I t  a p p e a r s ,  however,  t h a t  t h e s e  r e s u l t s  were h i g h l y  m i s -  

l e a d i n g .  A much be t te r  u n d e r s t a n d i n g  o f  t h e  metastable  a p h a s e  

of n i c k e l - i r o n  h a s  been reached s i n c e  1937 ( J o n e s  and Pumphrey, 
2 

1949;  Kaufman and Cohen, 1956) .  a2 h a s  a d i s t o r t e d  body-centered-  

c u b i c  l a t t i c e ,  and is  produced when y n i c k e l - i r o n  is quenched.  

I t  is v e r y  s i m i l a r  t o  m a r t e n s i t e  i n  t h e  Fe-C s y s t e m ,  b u t  most 

wr i te rs  p r e f e r  t o  r e s e r v e  t h e  t e r m  m a r t e n s i t e  f o r  t h e  Fe-C 
s y s t e m .  Owen and S u l l y  (1941)  u s e  t h e  name me takamac i t e .  
C o n d i t i o n s  u n d e r  which a ex i s t s  are  shown i n  F i g .  3. When a 
quenched y a l l o y  of  up t o  34% N i  crosses M i t  b e g i n s  t o  t r a n s -  

f o r m  t o  a p h a s e .  T rans fo rma t ion  is n o t  comple ted  u n t i l  tempera-  
t u r e  h a s  dropped  abou t  100" below M . The t r a n s f o r m a t i o n  is 
po lymorph ic ;  i t  d o e s  n o t  e n t a i l  l a t t i c e  d i f f u s i o n ,  and p r o c e e d s  

i n s t a n t l y  when M is c r o s s e d ,  even  when M l i e s  a t  sub -ze ro  
t e m p e r a t u r e s .  Note t h a t  w h i l e  a maximum o f  abou t  8% 

2 

S' 

2 
S 

S S 
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N i  is s o l u b l e  i n  a phase  ( k a m a c i t e ) ,  a2 c a n  c o n t a i n  up t o  

34%. 
1 

The s y s t e m  e x h i b i t s  a h y s t e r e s i s ,  s u c h  t h a t  w i t h  i n c r e a s -  
J 

i n g  t e m p e r a t u r e s ,  a 

( F i g .  3 )  is crossed. The t r a n s f o r m a t i o n  is comple ted  a t  some 

p o i n t  above A . 
depend on r a t e  of c o o l i n g  or h e a t i n g .  

does n o t  beg in  t o  r e v e r t  t o  y u n t i l  As 2 

! 
! 

The p o s i t i o n s  of Ms and As do n o t  a p p e a r  t o  
S 

i 

A v e r y  i m p o r t a n t  p a p e r  by A l l a n  and E a r l e y  (1950)  showed 

t h a t  i t  is n o t  n e c e s s a r y  t o  quench y a l l o y s  t o  o b t a i n  u2 p h a s e .  

C o n t r a r y  t o  t h e  c o n c l u s i o n s  o f  Derge,  Mehl and Kommel, y a l l o y s ,  

even  i f  c o o l e d  v e r y  s l o w l y ,  f a i l  t o  t r a n s f o r m  t o  a + y on 

c r o s s i n g  t h e  y/(cf + y> boundary, They remain  i n  t h e  y s t a t e  and ,  

2" a t  lower t e m p e r a t u r e s ,  t r a n s f o r m  t o  a 

The f o l l o w i n g  c o o l i n g  exper iment  w a s  conducted  by t h e  

w r i t e r .  A l l o y s  w i t h  8% and 18% N i ,  r ema inde r  Fe,  were vacuum 

m e l t e d  and quenched.  They were t h e n  s e a l e d  i n  q u a r t z  g l a s s  

t u b e s  i n  vacuo,  a n n e a l e d  a t  1000°C f o r  3 d a y s ,  t h e  t e m p e r a t u r e  

w a s  d ropped  t o  8 O O 0 C ,  and thence fo rward  an  a u t o m a t i c  t e m p e r a t u r e  

c o n t r o l l e r  a l lowed them t o  c o o l  a t  a s t e a d y  r a t e  o f  -G°C/day. 

I n  a b o u t  f o u r  months t h e  a l l o y s  r e a c h e d  room t e m p e r a t u r e .  Both 

a p p e a r e d  t o  c o n t a i n  t w o  p h a s e s .  The 18% a l l o y  had deve loped  a 

Widmans tx t ten  s t r u c t u r e  ( F i g .  6B) q u i t e  s i m i l a r  t o  t h o s e  i n  

Derge ,  Mehl and K o m m e l ' s  photomicrographs ,  bu t  r a t h e r  dim i n  

a p p e a r a n c e ,  even  a f t e r  i n t e n s i v e  e t c h i n g .  (The c l a r i t y  o f  

F i g .  6 B  w a s  a c h i e v e d  by u s e  of  a v e r y  h i g h  c o n t r a s t  e m u l s i o n ,  
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gamma a b o u t  4 . 5 .  Gamma f o r  o t h e r  p h o t o g r a p h s  i n  t h i s  p a p e r  w a s  

abou t  1 .3 . )  S t r u c t u r e  i n  t h e  8% a l l o y ,  d i s t i n c t l y  r e v e a l e d  by 

e t c h i n g ,  w a s  i r r e g u l a r  and coarse. 

. 

E l e c t r o n  mic roprobe  t r a v e r s e s ,  however,  showed t h a t  b o t h  

a l l o y s  were homogeneous i n  compos i t ion  ( F i g .  1 1 ) ;  n e i t h e r  had 

p r e c i p i t a t e d  l o w - N i  a p h a s e  on  a r e s o l v a b l e  scale .  X-ray 

d i f f r a c t i o n  p a t t e r n s  o f  b o t h  a l l o y s  c o n t a i n e d  o n l y  t h e  l i n e s  of 

a p h a s e .  The "WidmanstXtten p a t t e r n "  i n  t h e  wr i te r ' s  18% 

a l l o y ,  as w e l l  a s  t h o s e  observed  by Derge, Mehl and K o m m e l ,  
2 

r e s u l t e d  f rom t h e  p r e c i p i t a t i o n  o f  p l a t e s  o f  a n o t  a, a l o n g  
2' 

p l a n e s  i n  t h e  h o s t  y phase .  

Derge,  Mehl and K o m m e l  were p a r t i c u l a r l y  s u c c e s s f u l  i n  

p r o d u c i n g  Widmans tg t ten  s t r u c t u r e  i n  a 27% N i  a l l o y .  Such 

a n  a l l o y  crosses t h e  M c u r v e  a t  a b o u t  50°C, and a t  room 
S 

I t  would e t c h  2 '  
t e m p e r a t u r e  is o n l y  p a r t l y  t r a n s f o r m e d  t o  a 

d i s t i n c t l y  b e c a u s e  i t  c o n t a i n s  t w o  p h a s e s ;  e t c h i n g  had r e l a t i v e l y  

l i t t l e  e f fec t  on my 18% a l l o y  because  i t  had c o n v e r t e d  e n t i r e l y  

X-ray d i f f r a c t i o n  s p e c t r a  o f  t h e  27% a l l o y  would c o n t a i n  2' t o  a 

l i n e s  of y and a t h e  o n l y  d i f f e r e n c e  between t h e  s p e c t r a  of 

a2 and a is t h a t  t h e  l i n e s  are  b r o a d e r  and more d i f f u s e  i n  a2, 

and Derge ,  Mehl and K o m m e l  p robab ly  f a i l e d  t o  make t h e  d i s t i n c -  

t i o n ,  t h e  s i g n i f i c a n c e  of which w a s  l i t t l e  a p p r e c i a t e d  i n  1937.  

2 ;  

F i n a l l y ,  w e  c a n  u n d e r s t a n d  why a l l o y s  w i t h  more t h a n  34% N i  

? f a i l e d  t o  y i e l d  "Widmanstgt ten s t r u c t u r e "  f o r  t h e s e  w o r k e r s ;  

n o t  b e c a u s e  t h e y  cross t h e  y/(a + y) boundary a t  l e s s  t h a n  

46OoC,  as U h l i g  assumes ,  b u t  because  34% is t h e  l i m i t i n g  c o n t e n t  

o f  Ni for a2 p h a s e  ( F i g .  3). 
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We can  see, t h e n ,  t h a t  c o o l i n g  y a l l o y s  a re  v e r y  r e l u c -  . . 
t a n t  t o  t r a n s f o r m  t o  a + y. Owen and L i u  (1949)  accompl ished  

t h e  t r a n s f o r m a t i o n  i n  t h o s e  r u n s  t h a t  y i e l d e d  them a + y data  

p o i n t s  i n  t h e  p a r t  o f  t h e i r  phase d i ag ram where N i  e x c e e d s  27%, 
4 

. b u t  a l l  t h e i r  s amples  had been cold-worked, t h e  powder s p e c i -  

mens by f i l i n g  and t h e  lump specimens by hammering. L a t t i c e  

d i s t o r t i o n s  i n t r o d u c e d  by c o l d  work g r e a t l y  enhance  r e c r y s t a l -  

l i z a t i o n  and t h e  n u c l e a t i o n  o f  new p h a s e s .  Owen and L i u  a n n e a l e d  

t h e i r  powders a t  600°C f o r  1 1 / 2  d a y s  b e f o r e  b e g i n n i n g  t h e i r  

r u n s ,  b u t  t h i s  must n o t  have removed a l l  t h e  b e n e f i c i a l  e f f e c t s  

o f  cold working.  C e r t a i n l y  some e x t r a o r d i n a r y  e f f e c t  a s s i s t e d  

i n  t h e  y 4 a + y t r a n s f o r m a t i o n  i n  t h i s  case,  f o r  a c c o r d i n g  t o  

o u r  knowledge o f  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  N i  i n  y a l l o y s ,  

N i  c o u l d  n o t  have  d i f f u s e d  a s  f a r  as one  Angstrom u n i t  d u r i n g  
0 

t h e i r  350°C experimental runs. 

The d e m o n s t r a t e d  r e l u c t a n c e  o f  non-cold-worked y a l l o y s  

t o  t r a n s f o r m  t o  a + y on c o o l i n g  removes t h e  i n c o n s i s t e n c y  n o t e d  

by U h l i g  (1954) ,  and r e s t o r e s  t o  p l a u s i b i l i t y  t h e  s i m p l e  p r o c e s s  

o u t l i n e d  a t  t h e  b e g i n n i n g  of  t h i s  s e c t i o n ,  by which t h e  

Widmans tx t ten  s t r u c t u r e  c o u l d  have formed i n  a s y s t e m  c o o l i n g  

u n d e r  n e g l i g i b l e  p r e s s u r e .  The i r o n  meteorites undoub ted ly  

c o o l e d  v e r y  s l o w l y  by humari s t a n d a r d s ,  so ir, ~ l l n y s  c r o s s i n g  

t h e  a / /  ( a  + y) boundary a t  h i g h  t e m p e r a t u r e s  t i m e  must have 

overcome t h e  r e l u c t a n c e  o f  a p h a s e  t o  n u c l e a t e ,  and t h e  

Widmans tx t ten  s t r u c t u r e  began t o  c r y s t a l l i z e  a t  o r  somewhere 

b e n e a t h  t h e  y/(a +y) boundary ,  The  d a t a  i n  S e c t i o n  4 i n d i c a t e  

t h a t  n u c l e a t i o n  t e n d s  t o  occur  80" t o  120°  below t h e  y / ( a  + a / )  



I -12- 

boundary .  A l i m i t i n g  t e m p e r a t u r e  c e r t a i n l y  e x i s t s ,  however,  

b e n e a t h  which n o t  even  geologic p e r i o d s  of t i m e  would s u f f i c e  
" 

f o r  t h e  n u c l e a t i o n  of Widmansti i t ten s t r u c t u r e .  A v a l u e  f o r  

t h e  l i m i t i n g  t e m p e r a t u r e  of about 550" would mean a l l o y s  w i t h  

more t h a n  13% N i  were p r e v e n t e d  f r o m  d e v e l o p i n g  Widmanst i i t ten 

1 

~* , s t r u c t u r e ,  if a l l o w a n c e  is made f o r  t h e  f a c t  t h a t  n u c l e a t i o n  

o c c u r s  n o t  a t  t h e  y / ( a  + a / )  boundary b u t  100"  o r  s o  below i t .  

T h i s  would p r o v i d e  t h e  c u t o f f  i n  N i  c o n t e n t  r e q u i r e d  by U h l i g .  

R .  Vogel (1925,  1951)  has o f f e r e d  a n  e n t i r e l y  d i f f e r e n t  

e x p l a n a t i o n  o f  t h e  Widmansti i t ten s t r u c t u r e ,  namely t h a t  i t  

formed as t h e  me ta l  c r y s t a l l i z e d  from t h e  mol t en  s t a t e ,  i n  t h e  

s m a l l  ( a  + m e l t )  and ( a  + a;) f i e l d s  t h a t  can  be s e e n  i n  F i g .  1 

above  1400°C. A c t u a l l y  Vogel r e q u i r e s  t h e  t e r n a r y  Fe-Ni-P 

I .  

I s y s t e m  t o  e x p l a i n  t h e  Widmans tg t ten  s t r u c t u r e .  H e  is ab le  t o  

I a c c o u n t  f o r  a l l  t h e  f e a t u r e s  of t h e  s t r u c t u r e  i n  a q u a l i t a t i v e  

way, b u t  u n c e r t a i n t i e s  i n  t h e  phase  d i ag ram make i t  i m p o s s i b l e  

t o  a p p l y  q u a n t i t a t i v e  t e s t s  t o  h i s  h y p o t h e s i s .  N o  e v i d e n c e  

I e x i s t s  t h a t  k a m a c i t e  c r y s t a l l i z i n g  from a m e l t  would form an  

o c t a h e d r a l  a r r a y  of p l a t e s  w i t h  t h e  r e s i d u a l  m e l t  between 

I them, as h i s  model r e q u i r e s .  The o c t a h e d r a l  geometry of t h e  

I Widmanst i i t ten s t r u c t u r e  is  much more e a s i l y  u n d e r s t o o d  i n  
I 

terms of p r e c i p i t a t i o n  of a phase ,  i n  t n e  solid s t a t e ,  2lGcg 

t h e  o c t a h e d r a l  l a t t i c e  p l a n e s  o f  h o s t  y a l l o y .  

The most s e r i o u s  d i f f i c u l t y  w i t h  V o g e l ' s  h y p o t h e s i s ,  

however ,  is o b v i o u s  i n  F i g .  1. H i s  two-phase s t r u c t u r e ,  once  

fo rmed ,  s h o u l d  c o n v e r t  e n t i r e l y  t o  y p h a s e  d u r i n g  c o o l i n g ,  and 
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u n l e s s  t h e  c o o l i n g  is v e r y  r a p i d ,  N i  d i f f u s i o n  s h o u l d  l e v e l  

o u t  a l l  c o m p o s i t i o n a l  d i f f e r e n c e s  and o b l i t e r a t e  any p r imary  

Widmanstgt ten s t r u c t u r e .  Vogel c o u n t e r s  t h i s  o b j e c t i o n  by 

p o i n t i n g  o u t  t h a t  i n c r e a s i n g  phosphorus  c o n t e n t  c a u s e s  t h e  

h igh-  and low- tempera ture  a + y f i e l d s  t o  expand and ,  a t  about 

0.6% P, t o  merge i n t o  a s i n g l e  a + y f i e l d .  O c t a h e d r i t e s  a r e  

n o t  known t o  c o n t a i n  more t h a n  0 . 5 %  P ( a c t u a l l y  0.2% is  a more 

t y p i c a l  v a l u e ) ,  b u t  Vogel p o i n t s  o u t  t h a t  even  a t  0 * 5 %  P, t h e  

t e m p e r a t u r e  i n t e r v a l  between t h e  two a + y f i e l d s  is reduced  

t o  200"C, compared w i t h  700" i n  t h e  phosphorus - f r ee  s y s t e m .  

* 

Vogel depends  on t h i s  reduced i n t e r v a l  of i n s t a b i l i t y ,  

and on  a n  a p p a r e n t  s l u g g i s h n e s s  of s o l i d - s t a t e  r e a c t i o n  i n  

P - r i c h  a l l o y s ,  t o  m a i n t a i n  t h e  o c t a h e d r i t e s  m e t a s t a b l y  i n  a 

two-phase s t a t e  u n t i l  t h e y  c o o l  i n t o  t h e  low- tempera tu re  

a + y f i e l d .  T h i s  seems u n l i k e l y ,  however.  The wri ter  s e a l e d  

s m a l l  s l i ce s  o f  t h e  Grant  o c t a h e d r i t e ,  comple t e  w i t h  t h e i r  

compliment o f  meteori t ic  phosphorus ,  i n  e v a c u a t e d  g l a s s  t u b e s  

and i n c l u d e d  them i n  t h e  f u r n a c e  expe r imen t  d e s c r i b e d  above ,  

where t e m p e r a t u r e  w a s  dec reased  by 6°C p e r  day from 800" t o  

room t e m p e r a t u r e .  They were e n t i r e l y  i n  t h e  a s t a t e  a f t e r  t h e  

e x p e r i m e n t .  E l e c t r o n  p robe  p r o f i l e s  showed t h a t  N i  d i f f u s i o n ,  

e v i d e n t l y  w h i l e  t h e  spec imens  were i n  t h e  y s t a t e ,  had g r e z t l y  

d i m i n i s h e d  t h e  N i  c o n t e n t  of t h e  r e g i o n s  t h a t  had been  t a e n i t e  

t o  s t a r t  w i t h ;  c o n c e n t r a t i o n  g r a d i e n t s  showed N i  had f lowed i n  

b o t h  d i r e c t i o n s ,  i n t o  r e g i o n s  t h a t  were o r i g i n a l l y  k a m a c i t e  

and o t h e r s  t h a t  were o r i g i n a l l y  p l e s s i t e ,  P r o f i l e s  o v e r  

p l e s s i t e  r e g i o n s  are o f t e n  j agged  ( F i g .  15 ,  p r o f i l e  651, b u t  

2 
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were smooth when r u n  o v e r  comparable  r e g i o n s  i n  t h e  h e a t e d  

spec imen of G r a n t ;  t h e y  had been homogenized by d i f f u s i o n .  

I t  is  o n l y  r e a s o n a b l e  t o  suppose  t h e  same t h i n g  would have 

happened t o  Grant  as i t  cooled t h r o u g h  t h e  y f i e l d  i n  t h e  

p a r e n t  meteorite p l a n e t .  

L 

R e t u r n i n g  t o  t h e  s i m p l e  concep t  of p r o d u c i n g  Widmanstgt ten 

s t r u c t u r e  by s l o w  c o o l i n g ,  a t  low p r e s s u r e ,  t h r o u g h  t h e  low- 

t e m p e r a t u r e  a + y f i e l d ,  it is p o s s i b l e  t o  i n v e s t i g a t e  t h i s  

p r o c e s s  q u a n t i t a t i v e l y .  The Fe-Ni p h a s e  d i ag ram and t h e  

c o e f f i c i e n t s  of d i f f u s i o n  of N i  i n  a and y a l l o y s  are known w i t h  

c o n s i d e r a b l e  c e r t a i n t y .  I n  p r i n c i p l e ,  i t  s h o u l d  be p o s s i b l e ,  

by u s e  of  F i c k ' s  d i f f u s i o n  e q u a t i o n ,  t o  wa tch  t h e  N i  c o n c e n t r a -  

t i o n  a t  v a r i o u s  p o i n t s  i n  a h y p o t h e t i c a l  y a l l o y  c r y s t a l  a s  i t  

is cooled and as  t h e  e q u i l i b r i u m  N i  v a l u e  i n c r e a s e s  and d i f f u -  

s i o n  becomes more and more s l u g g i s h .  T h i s  c o u l d  be done fo r  

v a r i o u s  c o o l i n g  r a t e s ,  w i t h  t h e  e x p e c t a t i o n  t h a t  when t h e  c o o l i n g  

r a t e  of t h e  p a r e n t  m e t e o r i t e  p l a n e t  w a s  chanced  upon, t h e  f i n a l  

h y p o t h e t i c a l  N i  p r o f i l e  o b t a i n e d  would match  t h e  M-pro f i l e s  

measured i n  octahedri tes .  Such w i l l  be t h e  p u r p o s e  of t h i s  

p a p e r .  

2. MICROPROBE PROFILES 

The e l e v e n  oc t ahedr i t e s  and three n i c k e l - r i c h  a t a x i t e s  

l i s t e d  i n  T a b l e  2 were s t u d i e d .  Smal l  p l a t e s  were c u t  f rom e a c h ;  

before mounting,  t h e  edges  of t h e  oc tahedr i te  p l a t e s  were 

p o l i s h e d  and e t c h e d ,  s o  t h e  a n g l e s  a t  which t h e i r  v a r i o u s  s t r u c -  
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t u r e s  i n t e r s e c t e d  t h e  main s u r f a c e  c o u l d  be d e t e r m i n e d  and 

r e c o r d e d .  A f t e r  t h e s e  were mounted, p o l i s h e d  and p i c r a l  

e t c h e d ,  t a e n i t e - p l e s s i t e  s t r u c t u r e s  s u i t a b l e  f o r  p r o f i l i n g  

were s e l e c t e d  and pho tographed .  These  are  shown i n  F i g s .  7- 

c l o ,  t o g e t h e r  w i t h  d i p  symbols  showing t h e  a n g l e  a t  which  t h e  

k a m a c i t e - t a e n i t e  i n t e r f a c e s  i n t e r s e c t  t h e  p o l i s h e d  s u r f a c e .  

(The s e n s e  o f  t h e  a n g l e  is s u c h  t h a t  a n  o b j e c t  s l i d i n g  down 

t h e  i n t e r f a c e  would move as t h e  arrow p o i n t s . )  

R e f e r e n c e  marks were s c r a t c h e d  n e a r  t h e  p a t h s  o f  

i n t e n d e d  p r o f i l e s  w i t h  a s t ee l  n e e d l e ,  and t h e i r  p o s i t i o n s  

marked on a set  o f  working  photographs .  The samples  were t h e n  

r e p o l i s h e d  w i t h  .05p alumina on a c l o t h  l a p ,  so  t h e  e t c h e d  

s u r f a c e s  were removed bu t  t h e  r e f e r e n c e  marks r e t a i n e d .  Using 

t h e  r e f e r e n c e  marks,  t h e  working pho tographs  and t h e  c a l i b r a t e d  

t r a v e r s i n g  screws o n  t h e  microprobe ,  it w a s  p o s s i b l e  t o  move 

e a c h  sample  unde r  t h e  e l e c t r o n  beam s o  a s  t o  pe r fo rm t h e  

numbered t raverses  marked i n  F i g s .  6 - 10.  

A n a l y s i s  w a s  per formed w i t h  a n  ARL e l e c t r o n  microprobe  

i n  t h e  Department of Geophys ica l  S c i e n c e s ,  U n i v e r s i t y  o f  Chicago .  

27 KV e l e c t r o n s  were f o c u s s e d  on t h e  spec imen s u r f a c e ;  X-radia-  

t i o n  e m i t t e d  impinged o n  a L i F  c r y s t a l  monochromator,  f rom 

which t h e  N i  k c h a r a c t e r i s t i c  r a d i a t i o n  w a s  p a s s e d  t o  an 

E x a t r o n  s e a l e d  p r o p o r t i o n a l  c o u n t e r  w i t h  a Be window, c o n t a i n i n g  
a 

. N e  gas.  P r o f i l e s  of  N i  k c o u n t i n g  r a t e  were t r a c e d  on  c h a r t  

p a p e r  as t h e  spec imens  were moved unde r  t h e  beam, a t  a s t e a d y  
a 
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ra te .  These  a p p e a r  i n  F i g s .  11-16, numbered i n  c o r r e s p o n d e n c e  

w i t h  t h e i r  p a t h s  i n  F i g s .  6-10. 
. 

A se r i e s  o f  vacuum-melted Fe-Ni a l l o y s  were u s e d  as  

s t a n d a r d s .  These  showed t h e  r e s p o n s e  of  t h e  i n s t r u m e n t  t o  be  

e s s e n t i a l l y  l i n e a r  i n  t h e  r a n g e  of i n t e r e s t ,  i . e . ,  t h r o u g h  

30% N i  ( F i g .  4 ) .  Specimens and s t a n d a r d s  were r u n  a l t e r n a t e l y  

i n  t h e  p robe ,  and peak  h e i g h t s  g e n e r a t e d  by t h e  l a t t e r  were 

used  t o  c a l i b r a t e  t h e  spec imen p r o f i l e s .  The c o u n t i n g  r a t e  a 

p a r t i c u l a r  s t a n d a r d  produced u s u a l l y  v a r i e d  l i t t l e  d u r i n g  a 

r u n ,  b u t  i n  a few cases t h e  i n s t r u m e n t ' s  beam c u r r e n t  and 

hence  t h e  c o u n t i n g  r a t e  d e c r e a s e d  o r  i n c r e a s e d  markedly d u r i n g  

t h e  r u n .  P r o f i l e s  i n  F i g s .  11-16 g e n e r a t e d  unde r  t h e s e  circum- 

s t a n c e s  c a n  be  r e c o g n i z e d  by t h e i r  n o n - h o r i z o n t a l  c a l i b r a t i o n  

l i n e s ,  which are  l i n e a r  i n t e r p o l a t i o n s  between s t a n d a r d s  r u n  

before and a f t e r  t h e  spec imen.  N i c k e l  c o n c e n t r a t i o n s  below 

30%, where t h e  s t r u c t u r e  w a s  a d e q u a t e l y  r e s o l v e d ,  a re  a c c u r a t e  

t o  *0.5% N i  or *4% of  t h e  N i  c o n c e n t r a t i o n  r e p o r t e d ,  whichever  

is g r e a t e r .  

The e f f e c t i v e  p r o b e  beam d i a m e t e r  was 2-3p. However, 

s t r u c t u r e s  l a r g e r  t h a n  t h i s  sometimes were n o t  a d e q u a t e l y  

r e s o l v e d  i f  a l a r g e  d i sp lacemen t  of t h e  r e c o r d e r  pen w a s  r e q u i r e d ,  

b e c a u s e  of pen l a g  and a r e l a t i v e l y  r a p i d  s c a n  s p e e d  (98p/min).  

For  t h i s  r e a s o n ,  t h e  N i  maximum r e p o r t e d  i n  t a e n i t e  a t  t h e  

l e a d i n g  edge  o f  M - p r o f i l e s  ( i . e . ,  a s  t h e  beam p a s s e d  a b r u p t l y  

f r o m  kamacite i n t o  high-Ni t a e n i t e )  is almost a lways  lower t h a n  

t h a t  r e p o r t e d  i n  t a e n i t e  a t  t h e  t r a i l i n g  edge .  
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I n  most o f  t h e  p r o f i l e s  i n  F i g s ,  11-16, t h e  k a m a c i t e  

, is as  much as 1% lower  i n  N i  c o n t e n t  a t  k a m a c i t e - t a e n i t e  

i n t e r f a c e s ,  t h a n  i t  is i n  t h e  i n t e r i o r  o f  large k a m a c i t e  

c r y s t a l s .  T h i s  e f f e c t  is  e s p e c i a l l y  w e l l  d i s p l a y e d  i n  t h e  

Anoka p r o f i l e s  (Nos. 66 ,  673. I t  w a s  f i r s t  d e s c r i b e d  by 

A g r e l l ,  Long and O g i l v i e  (19631, and might  a p p r o p r i a t e l y  be 

r e f e r r e d  t o  as t h e  " A g r e l l  e f f e c t " .  Because o f  r e c o r d e r  pen 

l a g ,  as n o t e d  above,  t h e  A g r e l l  e f f e c t  is u s u a l l y  more con- 

s p i c u o u s  a t  t h e  l e a d i n g  edge of M - p r o f i l e s  t h a n  a t  t h e  

t r a i l i n g  edge .  

3. CALCULATION OF THEORETICAL M-PROFILES 

The problem a t  hand is t o  s o l v e  F i c k ' s  e q u a t i o n  f o r  

d i f f u s i o n  of N i  f rom t h e  s u r f a c e  t o  t h e  i n t e r i o r  o f  a t a e n i t e  

c r y s t a l ,  as  t e m p e r a t u r e  decreases a t  v a r i o u s  c o n s t a n t  or 

c h a n g i n g  r a t e s .  N i c k e l  c o n c e n t r a t i o n  a t  t h e  s u r f a c e  is assumed 

a lways  t o  be  t h e  e q u i l i b r i u m  v a l u e ,  hence  i n c r e a s e s  as  tempera-  

t u r e  f a l l s ,  f o l l o w i n g  t h e  y / ( a  + r> boundary o f  t h e  Fe-Ni p h a s e  

d iagram.  We must t a k e  i n t o  accoun t  t h a t  t h e  a / y  boundary 

e n c r o a c h e s  on  t h e  t a e n i t e  c r y s t a l  d u r i n g  t h e  p r o c e s s ,  c o n t i n u a l l y  

d e s t r o y i n g  t h e  high-Ni p o r t i o n  o f  t h e  N i  c o n c e n t r a t i o n  p r o f i l e ,  

and  r e d u c i n g  t h e  s i ze  o f  t h e  c rys t a l .  The problem is i n t r a c t a b l e  

by a n a l y t i c a l  methods,  bu t  c a n  e a s i l y  be set  up  for s o l u t i o n  by 

a d i g i t a l  computer  u n d e r  a wide v a r i e t y  of  i n i t i a l  and boundary 

c o n d i t i o n s .  
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The wr i te r  h a s  worked s p o r a d i c a l l y  on t h i s  p r o j e c t  

s i n c e  1961. Dur ing  t h a t  t i m e  p r e l i m i n a r y  r e s u l t s  were a l l u d e d  

t o  i n  p u b l i c a t i o n s  (Wood, 1962,  1963)  and a t  t h e  1963 Gordon 

Resea rch  Confe rence  on t h e  Chemis t ry  and P h y s i c s  of Space ;  

and d u r i n g  t h a t  t i m e  t h e  IBM computers  employed evo lved  from 

model 709  t o  7090 t o  7093. Some f e a t u r e s  o f  t h e  program used  

a re  g i v e n  i n  Appendix 11.. 

A l g e b r a i c  e q u a t i o n s  f i t t e d  t o  t h e  s i g n i f i c a n t  p o r t i o n s  

o f  t h e  a / ( a  + y )  and y/(a + y )  phase  b o u n d a r i e s  o f  Owen and 

L i u  (1949) were w r i t t e n  i n t o  t h e  program, and most r e c e n t l y  t h e  

e x p r e s s i o n  f o r  d i f f u s i o n  of N i  i n  gamma p h a s e  de t e rmined  by 

G o l d s t e i n  (1964) h a s  been u s e d .  G o l d s t e i n ' s  d i f f u s i o n  c o e f -  

f i c i e n t  is based  on mic roprobe  p r o f i l e s  r u n  across l a b o r a t o r y  

d i f f u s i o n  c o u p l e s ,  a n  a n a l y t i c a l  method of f a r  g r e a t e r  s e n s i -  

t i v i t y  t h a n  t h a t  employed by Wells  and Mehl ( 1 9 4 1 ) ;  t h e  o n l y  

method ava i l ab le  t o  t h o s e  a u t h o r s  w a s  t o  machine t h i n  l a y e r s  

f rom t h e  c o u p l e ,  p a r a l l e l  t o  t h e  o r i g i n a l  i n t e r f a c e ,  and a n a l y z e  

them c h e m i c a l l y .  G o l d s t e i n ' s  d i f f u s i o n  c o e f f i c i e n t  is a n  o r d e r  

of magni tude  smaller t h a n  Wells and Meh l ' s  i n  t h e  t e m p e r a t u r e  

r a n g e  where t h e  Widmanstt l t ten s t r u c t u r e  formed.  I t  is i n  sub-  

s t a n t i a l  agreement  w i t h  t h e  c o e f f i c i e n t  found by MacEwan, 

MacEwan and Y a f f e ,  who coun ted  r a d i o a c t i v e  N i 6 3  i n  t h e i r  d i f f u -  

s i o n  c o u p l e s  

At t empt s  t o  g e n e r a t e  a r t i f i c i a l  M - p r o f i l e s  w i t h  t h i s  p ro -  

gram were d i s a p p o i n t i n g .  L e t  u s  t r y  t o  d u p l i c a t e  t h e  p r o f i l e  

i n  Fig.  1 7 A ,  f o r  example -- t h i s  is p r o f i l e  18 from t h e  Odessa 
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o c t a h e d r i t e .  The b u l k  N i  c o n t e n t  of  Odessa,  and t h e  d i s t a n c e  

b -between centers of  a d j a c e n t  k a m a c i t e  lamellae whose g rowth  

impinged o n  t h e  s t r u c t u r e  o f  i n t e re s t  a re  e n t e r e d  as  i n p u t .  

N u c l e a t i o n  is assumed t o  have  o c c u r r e d  as soon as  t h e  a l l o y  

+ c r o s s e d  t h e  y/(a + y )  boundary,  a t  712°C. D i f f u s i o n  is a l lowed  

t o  p roceed  u n t i l  t h e  t e m p e r a t u r e  d r o p s  t o  395"C, by which 

t i m e  t h e  kamacite c o m p o s i t i o n ,  a c c o r d i n g  t o  t h e  p h a s e  d i a g r a m  

of Owen and L i u  (1949) ,  h a s  r eached  6.8% N i .  T h i s  is a p p r o x i -  

m a t e l y  t h e  N i  c o n c e n t r a t i o n  of k a m a c i t e  i n  o c t a h e d r i t e s ,  and 

i t  a p p e a r s  r e a c t i o n  must have ceased  a t  about  t h i s  p o i n t ,  o r  

kamacite i n  o c t a h e d r i t e s  would c o n t a i n  more N i  t h a n  i t  d o e s .  

H e r e  t h e  computa t ion  is t e r m i n a t e d ,  and t h e  f i n a l  N i  p r o f i l e  

p r i n t e d  as o u t p u t .  

The r e s u l t s ,  f o r  s e v e r a l  assumed c o n s t a n t  c o o l i n g  r a t e s ,  

are  p l o t t e d  i n  F i g .  17B.  None a re  s i m i l a r  t o  t h e  real  M-pro f i l e  

f rom Odessa.  The 1°/m.y. p r o f i l e  h a s  r o u g h l y  t h e  same n i c k e l  

c o n c e n t r a t i o n  i n  its c e n t e r  as t h e  O d e s s a  p r o f i l e ,  b u t  t h e  

s l o p i n g  d i f f u s i o n  b o r d e r s  o f  t h e  Odessa p r o f i l e  are m i s s i n g .  

T h i s  d i f f i c u l t y  p l agued  a l l  a t t e m p t s  t o  match m e t e o r i t i c  M- 

s t r u c t u r e s ,  and a l t h o u g h  many e x o t i c  n o n - l i n e a r  c o o l i n g  h i s t o r i e s  

w e r e  tes ted,  none improved t h e  s i t u a t i o n .  

I t  is n o t  ha rd  t o  see why t h i s  happens.  N i  d i f f u s i o n  i n  

y p h a s e  e f f e c t i v e l y  ceases w e l l  b e f o r e  t h e  computa t ion  e n d s .  Y e t  

boundary encroachment  c o n t i n u e s  u n t i l  t h e  end ,  i n  o r d e r  t o  s u p p l y  

N i  t o  a p h a s e ,  which  a c c o r d i n g  t o  t h e  p h a s e  d i ag ram must c o n t i n u e  

t o  i n c r e a s e  i ts N i  c o n t e n t .  T h e  N i  i n c r e a s e  i n  a p h a s e  is  small ,  
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b u t  t h e  amount of ct p h a s e  i n  t h e  sys t em is large,  so  s u b s t a n -  

t i a l  boundary encroachment  must o c c u r  t o  s u p p l y  t h e  N i .  T h i s  

d e s t r o y s  t h e  s l o p i n g  d i f f u s i o n  borders  a t  a t i m e  when t h e y  

c a n  no l o n g e r  be r e s to red ,  because  d i f f u s i o n  h a s  e f f e c t i v e l y  

c e a s e d .  
I 

I t  seems t h a t  k a m a c i t e  canno t  have  c o n t i n u e d  t o  absorb 

N i  a f t e r  d i f f u s i o n  i n  y ceased, or w e  would n o t  see M-shaped 

p r o f i l e s  i n  octahedri tes .  I n  t h e  c o m p u t a t i o n  above ,  i t  w a s  

assumed t h a t  N i  would be ab le  t o  d i f f u s e  i n t o  k a m a c i t e  down 

t o  a t e m p e r a t u r e  o f  3 9 5 ° C .  T h i s  s h o u l d  be checked. 

The  N i  c o n t e n t s  a t  t h e  c e n t e r s  of t h e  p r o f i l e s  i n  

F i g .  17B are dependen t  l a r g e l y  on  t h e  d i f f u s i o n  c o e f f i c i e n t  

of N i  i n  y p h a s e ,  and are a f f e c t e d  o n l y  i n d i r e c t l y  by t h e  

b e h a v i o r  o f  a p h a s e .  U n l e s s  t h e  d i f f u s i o n  c o e f f i c i e n t  or t h e  

y/(a + y )  boundary used  are wrong, t h e n ,  O d e s s a ' s  c o o l i n g  ra te  

must have  been  of t h e  order of 1°C p e r  m i l l i o n  y e a r s ,  s i n c e  

a p p r o x i m a t e l y  t h e  same amount of n i c k e l  succeeded  i n  p e n e t r a t -  

i n g  t o  t h e  c e n t e r  of our malformed theo re t i ca l  l"/m.y.  p r o f i l e  

as  p e n e t r a t e d  t h e  Odessa s t r u c t u r e .  Us ing  t h i s  c o o l i n g  r a t e  

and t h e  d i f f u s i o n  c o e f f i c i e n t  of N i  i n  ct p h a s e  (Hi rano ,  Cohen 

and Averbach,  1 9 6 1 ) ,  w e  c a n  d e t e r m i n e  t h e  approx ima te  d i s t a n c e  

n i c k e l  is c a p a b l e  of d i f f u s i n g  a t  v a r i o u s  t e m p e r a t u r e s .  This 

w a s  done  by comput ing  (Dt)  1/2 f o r  t = 2 x l o 7  y e a r s  ( t h e  t i m e  

d u r i n g  which t e m p e r a t u r e  f a l l s  by 20°C),  a t  20" i n t e r v a l s  

( T a b l e  3 ) .  Kamacite p l a t e s  i n  Odessa are 2000 - 3000 p t h i c k ,  

and w e  see t h a t  n i c k e l  ceased t o  be a b l e  t o  reach t h e i r  c e n t e r s  

a t  r o u g h l y  500°C. 
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But a c c o r d i n g  t o  t h e  phase  d i ag ram,  e q u i l i b r i u m  a p h a s e  

at' 5OO0C c o n t a i n s  o n l y  5 .2% n i c k e l ;  y e t  w e  know t h e  c e n t e r s  of 

Odessa  k a m a c i t e  p l a t e s  c o n t a i n  6,6 - 7,0%. T h i s  i n c o n s i s t e n c y  

makes i t  a p p e a r  t h a t  t h e  f o r m a t i o n  of t h e  oc tahedr i tes  was 

c o n t r o l l e d  by a n  a / ( a  + y )  boundary t h a t  d i f f e r s  somewhat from 

' 

I Owen and  L i u ' s .  T h i s  need n o t  be t a k e n  as c r i t i c i sm of  t h e  

a c c u r a c y  o f  t h e  Owen and  L i u  phase  d iagram:  t h e  b i n a r y  d i ag ram 

is ,  a f t e r  a l l ,  o n l y  an  approx ima t ion  t o  me teo r i t i c  s y s t e m s ;  

o the r  e l e m e n t s  undoub ted ly  i n f l u e n c e  t h e  d i a g r a m  t o  some 

e x t e n t .  The t e r n a r y  Fe-Ni-P diagrams of Vogel (1957)  i n d i c a t e  

a s h i f t  o f  t h e  a / ( a  + y )  boundary toward h i g h e r  N i  c o n c e n t r a -  

t i o n s ,  w i t h  i n c r e a s i n g  phosphorus c o n t e n t ,  

The a / ( a  + y )  boundary,  a c c o r d i n g  t o  t h e  Owen and L i u  

diagram, has  a n e g a t i v e  s l o p e  down t o  l o w  t e m p e r a t u r e s .  

A c c o r d i n g l y ,  a p h a s e  s h o u l d  c o n t i n u e  t o  i n c r e a s e  i n  N i  c o n t e n t  

u n t i l  l o w e r i n g  t e m p e r a t u r e  checks  d i f f u s i o n .  Kamacite p l a t e s  

s h o u l d ,  therefore ,  have  d i f f u s i o n  borders s imi la r  t o  t h o s e  i n  

t a e n i t e  -- high-Ni r e g i o n s  n e a r  t h e  a / y  i n t e r f a c e ,  where d i f f u -  

s i o n  c o n t i n u e d  t o  f u r n i s h  N i  a f t e r  i t  c o u l d  no  l o n g e r  s u p p l y  

t h e  i n t e r i o r s  of t h e  p l a t e s .  They d o n ' t  have  them, of  c o u r s e ,  

a c u r i o u s  f ac t  t h a t  h a s  a t t racted l i t t l e  a t t e n t i o n .  Kamacite 

is n e a r l y  un i fo rm i n  compos i t ion ,  and t h e  o n l y  d i f f u s i o n  borders  

observed a re  n e g a t i v e  o n e s  -- t h e  A g r e l l  e f f ec t ,  a d e f i c i e n c y  i n  

N i  n e a r  a / y  i n t e r f a c e s .  We can o n l y  c o n c l u d e  t h a t  i n  t h e  

t e m p e r a t u r e  r a n g e  where d i f f u s i o n  i n  a p h a s e  h a l t e d ,  t h e  

a / ( a  + y )  boundary w a s  n e a r l y  v e r t i c a l ;  t h e  A g r e l l  e f f e c t ,  i n  

f a c t ,  i n d i c a t e s  t h a t  i t  had a c t u a l l y  r e v e r s e d  its s l o p e  w h i l e  
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d i f f u s i o n  i n  t h e  lop. r a n g e  w a s  s t i l l  p o s s i b l e .  
. 

I t  a p p e a r s ,  t h e n ,  t h a t  t h e  f o r m a t i o n  o f  o c t a h e d r i t e s  

w a s  i n f l u e n c e d  by an  a / ( a  + y) boundary t h a t  r e a c h e d  a maximum 

N i  v a l u e  of  abou t  6.8%, a t  a t e m p e r a t u r e  i n  t h e  ne ighborhood 

of  500°C. A t  lower  t e m p e r a t u r e s  i t  s l o p e s  back t o  smaller 

N i  l e v e l s .  The uppe r  p o r t i o n  of a c u r v e  mee t ing  these 

r e q u i r e m e n t s  is p l o t t e d  i n  F i g .  18. 

R e s u l t s  of a f u r n a c e  expe r imen t  carried o u t  by t h e  

writer s u p p o r t  t h i s  amended a / ( a  + y )  boundary.  The expe r imen t  

w a s  i n i t i a t e d  f o r  a d i f f e r e n t  pu rpose  a l t o g e t h e r ,  a n  a t t e m p t  

t o  p r o d u c e  p l e s s i t e  t e x t u r e s  ( S e c t i o n  5 ) ;  a t e m p e r a t u r e  con- 

t r o l l e r  w a s  n o t  u s e d ,  s o  f l u c t u a t i o n s  i n  l i n e  v o l t a g e  caused  

t h e  t e m p e r a t u r e  t o  v a r y  by h14"C ( s t a n d a r d  d e v i a t i o n  o f  24 

t e m p e r a t u r e  measurements ) .  8% N i  a l l o y s  i n  t h e  a s t a t e  were 

sealed i n  e v a c u a t e d  g l a s s  c a p s u l e s  w i t h  T i  sponge  g e t t e r s  and 

a n n e a l e d  a t  663 f 14°C. Although y a l l o y s  resist t r a n s f o r m a -  

t i o n  i n d e f i n i t e l y ,  a a l l o y s  t r a n s f o r m  r e a d i l y  t o  a + y .  A f t e r  

6 1  d a y s  of a n n e a l i n g ,  t a e n i t e  c r y s t a l s  20p and more i n  d imens ion  

had d e v e l o p e d ,  l e a v i n g  r e s i d u a l  k a m a c i t e  areas l o p  or less i n  

d i m e n s i o n .  These were probed  ( p r o f i l e s  3-7) .  I n  t h e  8% b i n a r y  

a l l o y ,  t h e  minimum n i c k e l  c o n t e n t  e n c o u n t e r e d  i n  a p h a s e  w a s  4%, 

2 

2 

compared w i t h  3.2% p r e d i c t e d  by t h e  Owen and L i u  boundary.  i n  

a s i m i l a r l y  a n n e a l e d  8% a l l o y  c o n t a i n i n g  0.2% P (a l e v e l  t y p i c a l  

o f  o c t a h e d r i t e s ) ,  however,  a phase  c o n t a i n e d  4 .6% N i .  B o t h  

r e s u l t s  are e n t e r e d  i n  F ig .  18, w i t h  a c c o u n t  t a k e n  o f  mic roprobe  

and t e m p e r a t u r e  u n c e r t a i n t i e s .  The 0.2% P r e s u l t  is i n  q u i t e  

comfortable agreement  w i t h  t h e  amended a / ( a  + a / )  p h a s e  boundary .  
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When t h i s  amended phase  boundary is s u b s t i t u t e d  f o r  t h e  

Owen and L i u  boundary i n  t h e  computer program, M-pro f i l e s  w i t h  

h e a l t h y  d i f f u s i o n  borders c a n  be  g e n e r a t e d  ( F i g .  17C).  I f  w e  

u s e  a c o o l i n g  r a t e  o f  1.5"C/m.y. and a d j u s t  t h e  i n i t i a l  

. 

dimens ion  o f  t h e  d i f f u s i n g  s t r u c t u r e  s l i g h t l y ,  a t heo re t i ca l  

p r o f i l e  c a n  be o b t a i n e d  t h a t  f o l l o w s  t h e  r e a l  p r o f i l e  v e r y  

c l o s e l y  ( F i g .  17D). 

4 .  ANALYSIS OF DATA 

I t  is u n n e c e s s a r y  and would be q u i t e  t e d i o u s  t o  compute 

p r o f i l e s  t o  match a l l  t h e  microprobe  s c a n s  i n  F i g s .  11-16. To 

d o  t h i s  r e q u i r e s  some j u g g l i n g  o f  e i t he r  t h e  e f f e c t i v e  i n i t i a l  

d imens ion  of  t h e  s t r u c t u r e  o r  t h e  b u l k  N i  c o n t e n t  of t h e  mete- 

o r i t e ;  t h e  f i n a l  r e s u l t  is a f f e c t e d  by b o t h ,  i n  a compl imentary  

way, and n e i t h e r  is known w i t h  g r e a t  accuracy.,  I n s t e a d ,  I have  

c o n c e n t r a t e d  on t h e  r e l a t i o n s h i p  t h a t  e x i s t s  between c e n t r a l  

N i  c o n t e n t  of M-pro f i l e s  and  t h e i r  w i d t h s ,  unde r  a g i v e n  s e t  

of c o n d i t i o n s .  

If w e  se t  a p a r t i c u l a r  bu lk  N i  c o n t e n t ,  c o o l i n g  r a t e  and 

t e m p e r a t u r e  of n u c l e a t i o n ,  and t h e n  c a r r y  o u t  t h e  d i f f u s i o n  

c a l c u l a t i o n  f o r  a se r ies  of s t r u c t u r e s  of v a r y i n g  e f f e c t i v e  

i n i t i a l  d i m e n s i o n s ,  t h e  M-pro f i l e s  g e n e r a t e d  w i l l  be found t o  

have  c e n t r a l  N i  c o n c e n t r a t i o n s  and f i n a l  d imens ions  t h a t  are  

re la ted  by a c u r v e  s imi l a r  t o  t h e  heavy l i n e  i n  F i g .  1 9 .  A t  

i t s  lower end ,  t h e  c u r v e  is a s m y p t o t i c  t o  a n i c k e l  c o n c e n t r a t i o n  

t h a t  e q u a l s  t h e  b u l k  n i c k e l  c o n t e n t  assumed. T h i s  c o r r e s p o n d s  
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t o  t h e  case o f  y areas so  l a r g e  t h a t  d i f f u s i o n  was n o t  a b l e  t o  

d e l i v e r  any n i c k e l  a t  a l l  t o  t h e i r  c e n t e r s .  The dashed  l i n e s  

i n  F i g .  19 i n d i c a t e  how t h e  cu rve  is a f f e c t e d  by changes  i n  

p a r a m e t e r s .  A t  lower b u l k  N i  c o n t e n t s ,  n o t  o n l y  is t h e  

a s y m p t o t i c a l l y  approached  N i  l e v e l  l owered .  b u t  t h e  s l o p i n g  

p o r t i o n  of t h e  c u r v e  changes  i n  form and s t e e p e n s  ( A ) .  A t  

f a s t e r  c o o l i n g  ra tes ,  t h e  cu rve  r e t a i n s  i ts  form bu t  is 

s h i f t e d  t o  t h e  l e f t  (B). If  w e  assume n u c l e a t i o n  d i d  n o t  

o c c u r  as  soon a s  t h e  y/(a + y), boundary was c r o s s e d ,  b u t  t h a t  

some d e g r e e  o f  s u p e r c o o l i n g  took  p l a c e ,  t h e  lower end o f  t h e  

c u r v e  is i n d e n t e d  (C) -- t h e  more s u p e r c o o l i n g ,  t h e  g r e a t e r  

t h e  i n d e n t a t i o n .  

b 

The p l a n  f o l l o w e d ,  t h e n ,  was t o  g e n e r a t e  a f a m i l y  of 

c u r v e s  f o r  v a r i o u s  c o o l i n g  ra tes  and i n  some cases f o r  v a r i o u s  

d e g r e e s  o f  s u p e r c o o l i n g ,  a t  each o f  t h e s e  b u l k  N i  c o n t e n t s :  

7%, 8%, 9%, 11%, 16.5%. P o i n t s  c o r r e s p o n d i n g  t o  t h e  h a l f -  

w i d t h s  and minimum N i  c o n t e n t s  o f  t h e  M - p r o f i l e s  i n  F i g s .  11- 

1 6  w e r e  t h e n  p l o t t e d  a g a i n s t  t h e s e  ( F i g s .  20 ,  211, and con- 

c l u s i o n s  were drawn abou t  t h e  c o o l i n g  h i s t o r y  o f  e a c h  i r o n .  

Of c o u r s e ,  t h e  h a l f - w i d t h  - c e n t r a l  N i  c o n t e n t  r e l a t i o n s h i p ,  

and t h e  s h a p e s  o f  M - p r o f i l e s ,  a r e  v e r y  c l o s e l y  re la ted .  The 

p r o c e d u r e  o u t l i n e d  above is almost t h e  same a s  s e e k i n g  a s i n g l e  

computed M-prof i le  t h a t  matches t h e  form of a l a r g e  microprobed  

p r o f i l e  i n  each m e t e o r i t e .  T h e  a d v a n t a g e s  o f  t h e  method used  

a re  t h a t  d a t a  from a number of s t r u c t u r e s  c o n t r i b u t e  t o  t h e  

c o n c l u s i o n s  drawn, l e s s e n i n g  t h e  c h a n c e  o f  b e i n g  m i s l e a d  by a 
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s t r u c t u r e  w i t h  u n s u s p e c t e d  g e o m e t r i c a l  p e c u l i a r i t i e s ;  and t h a t  

c o n s i d e r a t i o n s  of e f f e c t i v e  i n i t i a l  d imens ion  o f  t h e  d i f f u s -  

i n g  s t r u c t u r e  a re  e l i m i n a t e d .  

Open c i rc les  p l o t t e d  i n  F i g s ,  20 and 2 1  r e p r e s e n t  t a e n i t e -  

p l e s s i t e  areas a d j a c e n t  t o  kamac i t e  p l a t e s  which a p p e a r ,  f rom 

m e t a l l o g r a p h i c  e x a m i n a t i o n ,  t o  have p r e c i p i t a t e d  l a t e r  t h a n  

o t h e r  k a m a c i t e .  The e f f e c t s  of s u p e r c o o l i n g  are t o  be 

e x p e c t e d  i n  t h e s e .  Black  d o t s  r e p r e s e n t  areas l a c k i n g  e v i -  

d e n c e  o f  s u p e r c o o l i n g ,  

P o i n t s  r e p r e s e n t i n g  ve ry  narrow p r o f i l e s ,  which f a l l  

a t  t h e  uppe r  end o f  t h e  h a l f - w i d t h  - c e n t r a l  N i  c o n t e n t  c u r v e s ,  

were found t o  be t h e  most r e l i a b l e  i n d i c a t o r s  of t h e  c o o l i n g  

r a t e  o f  t h e  m e t e o r i t e .  The upper  p o r t i o n s  o f  t h e  c u r v e s  are  

less s e n s i t i v e  t o  u n c e r t a i n t y  i n  b u l k  N i  c o n t e n t  ( a c t u a l l y ,  

t h e  p a r a m e t e r  of i n t e r e s t  is t h e  d i f f e r e n c e  between b u l k  N i  

c o n t e n t  and a v e r a g e  N i  c o n t e n t  o f  k a m a c i t e ,  s i n c e  o n l y  t h i s  

s u r p l u s  of N i  is a v a i l a b l e  f o r  d i f f u s i o n  i n t o  y p h a s e ;  t h i s  

d i f f e r e n c e  is v e r y  s m a l l  and h i g h l y  u n c e r t a i n  i n  c o a r s e  o c t a -  

h e d r i t e s  l i k e  Cacon D i a b l o  and A r i s p e ) .  

u n a f f e c t e d  by a l l  b u t  t h e  most ex t r eme  d e g r e e s  o f  s u p e r c o o l i n g .  

Fo r  t h i s  r e a s o n ,  e x t r a  w e i g h t  was a t t a c h e d  t o  t h e  high-Ni 

d a t a  ~ci-n_tc i_n_ deduc ing  conling r a t e s .  

They are  a l s o  

A c o o l i n g  r a t e  of  1 ° C  p e r  m i l l i o n  years  is i n d i c a t e d  f o r  

Odessa ,  based  l a r g e l y  on p o i n t s  2 1  and 2 2 ,  which c o r r e s p o n d  t o  

t h e  s m a l l  M - p r o f i l e s  hav ing  t h o s e  numbers.  The s o l i d  b l a c k  
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d o t s  f a l l  somewhat below t h e  l " /m ,y ,  c u r v e ,  i n d i c a t i n g  t h a t  

some s u p e r c o o l i n g  (about  100°C below t h e  y / ( a  + y >  boundary)  

o c c u r r e d  before O d e s s a ' s  Widmanstt i t ten s t r u c t u r e  was p r e c i p i t a t e d .  
. 

Kamacite p l a t e s  bounding p r o f i l e  24 p r e c i p i t a t e d  even  l a t e r ,  a t  

abou t  150" o f  s u p e r c o o l i n g .  A l m o s t  i d e n t i c a l  r e s u l t s  were 

. 

o b t a i n e d  f o r  T o l u c a .  

c e n t  t o  s m a l l  k a m a c i t e  l a m e l l a e  t h a t  p r e c i p i t a t e d  i n  t h e  l o w - N i  

i n t e r i o r  o f  a r ~ e g i o n ,  o b v i o u s l y  a t  a v e r y  l a t e  s t a g e  ( F i g .  

8G). Extreme s u p e r c o o l i n g ,  about  170°C below t h e  y / ( a  + 7) 

boundary,  is i n d i c a t e d ,  Anoka a l s o  a p p e a r s  t o  have c o o l e d  a t  

l " / m . y . ,  b u t  Widmanstt i t ten s t r u c t u r e  appea red  a f t e r  o n l y  abou t  

80" of s u p e r c o o l i n g .  These 1° /m,y .  estimates a re  b e l i e v e d  t o  be 

a c c u r a t e  t o  w i t h i n  a f a c t o r  of t w o ,  

P r o f i l e s  39a and 39b  i n  To luca  are  a d j a -  

The Grant  p o i n t s  are s c a t t e r e d ,  p a r t l y  b e c a u s e  o f  geomet r i -  

c a l  u n c e r t a i n t y  f o r  m o s t  p r o f i l e s ,  which were t a k e n  across  

s t r u c t u r e s  t h a t  i n t e r s e c t  t h e  s u r f a c e  a t  a l o w  a n g l e .  P r o f i l e s  

57 and 58,  which were t a k e n  a c r o s s  a s t r u c t u r e  n e a r l y  p e r p e n d i c -  

u l a r  t o  t h e  s u r f a c e ,  p o i n t  t o  a c o o l i n g  r a t e  of  5"/m.y. E s t i m a t e d  

u n c e r t a i n t y :  x3. 

Cazon D i a b l o  and Ar i spe  a p p e a r  t o  have c o o l e d  a t  a b o u t  

0 . 5  and  2"C/m.y. r e s p e c t i v e l y .  P o s i t i o n s  o f  computed c u r v e s  t o  

compare t h e s e  meteorites aga ins t  a r e  u n c e r t a i n ,  however,  b e c a u s e  

t h e  q u a n t i t y  ( b u l k  n i c k e l  c o n t e n t  n?inus k a m a c i t e  n i c k e l !  is 

s m a l l  and u n c e r t a i n ,  Coo l ing  ra tes  c i t e d  a re  u n c e r t a i n  t o  

w i t h i n  a f a c t o r  o f  three.  
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A c o o l i n g  r a t e  o f  10°/m.y. is i n d i c a t e d  f o r  Duchesne, 

c $anta Apolonia  and T r e n t o n ,  but for none of t h e s e  was an  

a d e q u a t e  number of  p r o f i l e s  t a k e n .  E s t i m a t e d  u n c e r t a i n t y  is 

x2 f o r  Duchesne, x3 f o r  t h e  o t h e r  two, e a c h  o f  which depends  

on t h e  p r o f i l e  f rom a s i n g l e  small t a e n i t e  c r y s t a l  o f  unce r -  

t a i n  geometry .  P r o f i l e  29b i n  T r e n t o n  is a d j a c e n t  t o  a small ,  

l a t e - n u c l e a t e d  k a m a c i t e  l a m e l l a  i n s i d e  a p l e s s i t e  f i e l d  ( F i g .  

8B). T h i s  k a m a c i t e  n u c l e a t e d  abou t  80" below t h e  y/(a + 7) 

boundary.  

Data from B r i s t o l  are c o n s i s t e n t  w i t h  a c o o l i n g  r a t e  o f  

10°/m.y. and abou t  120"  s u p e r c o o l i n g  b e f o r e  t h e  Widmans ta t ten  

s t r u c t u r e  p r e c i p i t a t e d .  However, none of t h e  p r o f i l e s  had a 

h i g h  enough cent ra l  N i  c o n t e n t  t o  f a l l  on t h e  u n i n d e n t e d  segment 

o f  t h e  c u r v e ,  so  o n l y  an  upper  l i m i t  o f  a b o u t  20"/m.y. c a n  be 

p l a c e d  on t h e  c o o l i n g  r a t e .  The data  are  a l s o  c o n s i s t e n t  w i t h  

l " / m . y .  and 1 8 0 " ' s u p e r c o o l i n g ,  f o r  example.  But no o t h e r  

i n s t a n c e  w a s  found where Widmanstgt ten s t r u c t u r e  formed a f t e r  

t h i s  d e g r e e  o f  s u p e r c o o l i n g  ( i . e . ,  t o  530"C), s o  i t  seems 

u n l i k e l y  t h a t  B r i s t o l  c o o l e d  a t  v e r y  much l e s s  t h a n  10°/m.y.  

The  Henbury specimen s t u d i e d  t u r n e d  o u t  t o  be one  o f  t h e  

p i e c e s  t h a t  Spence r  (1933) found had been s e v e r e l y  h e a t e d  by 

impact  w i t h  t h e  ear th  ( t h e  Henbury i r o n s  are a s s o c i a t e d  w i t h  a 

crater 160 meters i n  d iameter ) .  Re -hea t ing  h a s  so b a d l y  deg raded  

t h e  Widmans ta t ten  s t r u c t u r e  i n  t h e  Henbury spec imen s t u d i e d  t h a t  

a n  estimate of  its p r e v i o u s  c o o l i n g  h i s t o r y  c o u l d  n o t  be made. 
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F i n a l l y ,  p r o f i l e s  across t h e  b o u n d a r i e s  o f  scattered kama- 

c i t e  c r y s t a l s  i n  t h e  N i - r i c h  a t a x i t e s  were a l so  used  i n  an  a t -  

tempt  t o  assess t h e  thermal  h i s t o r i e s  o f  these i r o n s .  Geomet r i e s  

of t h e  s t r u c t u r e s  p r o f i l e d  were t o t a l l y  unknown; d o u b l e  p o i n t s  

e n t e r e d  i n  t h e  P inon  and Monahans p l o t s  re f lec t  t h e  u n c e r t a i n t y  

t h i s  i n t r o d u c e s .  Ext remely  h igh  c o o l i n g  ra tes  or else  v e r y  

great s u p e r c o o l i n g  a t  lesser c o o l i n g  r a t e s  are r e q u i r e d  t o  

p roduce  t h e  d i f f u s i o n  s t r u c t u r e s  t h e s e  meteorites c o n t a i n .  

Extreme s u p e r c o o l i n g  is u n l i k e l y  i n  t h e  case o f  P i g o n ;  a 16.5% 

a l l o y  c r o s s e s  t h e  y / ( a  + y )  boundary a t  61OoC, and y p h a s e  

a p p e a r s  t o  be v e r y  r e l u c t a n t  t o  t r a n s f o r m  a t  t e m p e r a t u r e s  much 

lower t h a n  t h i s .  Of t h e  i n s t a n c e s  o f  s u p e r c o o l i n g  n o t e d  above ,  

540°C w a s  t h e  l o w e s t  t e m p e r a t u r e  a t  which  a p r e c i p i t a t i o n  

o c c u r r e d  (To luca  3 9 a , b ,  Anoka 6 7 a ) ,  o n l y  70' below P i n o n ' s  

e n t r y  i n t o  t h e  a + y f i e l d .  It  is h a r d  t o  a v o i d  t h e  c o n c l u s i o n  

t h a t  PiKon c o o l e d  r e l a t i v e l y  r a p i d l y ,  p r o b a b l y  a t  1000° - 
10,OOOO/m.y. Anders (1964)  g i v e s  independen t  r e a s o n s  f o r  con- 

c l u d i n g  t h a t  N i - r i c h  a t a x i t e s  l i k e  P i z o n  c o o l e d  r a p i d l y .  

C o o l i n g  r a t e  estimates, w i t h  u n c e r t a i n t i e s ,  are summarized 

i n  F i g .  22. No c o r r e l a t i o n  between c o o l i n g  r a t e  and c o m p o s i t i o n  

(Ni  c o n t e n t )  is a p p a r e n t .  However, t h e  c o o l i n g  r a t e s  do  seem 

t o  cor re la te  w i t h  t h e  s t r u c t u r a l  classes and Ga-Ge g r o u p s ,  

where  these are known, o f  t h e  v a r i o u s  octahedri tes .  Thus,  t h e  

meteorites G r a n t ,  T r e n t o n ,  Duchesne, S a n t a  Apo lon ia ,  and p r o b a b l y  

B r i s t o l  c o o l e d  a t  approx ima te ly  10"/m.y. These  are medium, f i n e  

and f i n e s t  o c t a h e d r i t e s ,  c l a s s e s  t h a t  f o r m  t h e  Ga-Ge g r o u p s  I11 
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and IV of L o v e r i n g ,  N ich iporuk ,  Chodos and Brown (1957) .  (These 

.) a u t h o r s  showed t h e  i r o n  meteorites f a l l  i n t o  f o u r  d i s c r e t e  

g r o u p s ,  a c c o r d i n g  t o  t h e i r  c o n c e n t r a t i o n s  of  G a  and G e ,  t h u s :  

Group G a ,  PPM G e ,  PPM 

I 
I1 
I11 
IV 

80 - 100 300 - 420 
40 - 65  130 - 320 
8 - 24 15 - 80 

1 - 3  c1 - 1 

Four d i f f e r e n t  m e t a l l u r g i c a l  h i s t o r i e s  seem t o  be  i n d i c a t e d ,  

and i t  h a s  been s u g g e s t e d  t h a t  t h e  g r o u p s  were d e r i v e d  from f o u r  

p a r e n t  m e t e o r i t e  p l a n e t s . )  

The r e m a i n i n g  f i v e  o c t a h e d r i t e s  c o o l e d  a t  a p p r o x i m a t e l y  

1°/m.y.  Of t h e s e ,  Cagon Diab lo ,  A r i s p e  and Odessa are c o a r s e  

or coarsest o c t a h e d r i t e s ,  classes which c o r r e l a t e  w i t h  Ga-Ge 

g r o u p s  I and 11. Toluca  is  one o f  t h e  f e w  medium o c t a h e d r i t e s  

t h a t  L o v e r i n g  e t  a l .  found i n  Ga-Ge g roup  I1 r a t h e r  t h a n  111. 

Anoka is t h e  o n l y  r enegade  o f  t h e  se t  o f  o c t a h e d r i t e s  s t u d i e d .  

I t  is a f i n e  - f i n e s t  o c t a h e d r i t e  w i t h  h i g h  N i  c o n t e n t ,  t h e r e -  

f o r e  p r o b a b l y  a member o f  Ga-Ge g r o u p  111, y e t  i t  c o o l e d  

s l o w l y .  

E x c l u d i n g  Anoka, t h e n ,  t h e  o c t a h e d r i t e s  s t u d i e d  c o u l d  

have  been d e r i v e d  from a s  few a s  two p a r e n t  m e t e o r i t e  p l a n e t s ,  

The core of  one  w a s  r e l a t i v e l y  poor  i n  N i  ( 5  - l o % ) ,  r i c h  i n  

Ga  and G e  (Ga > 40 PPM, G e  > 130 PPM), and c o o l e d  s l o w l y  

( 0 . 5  - 2"C/m.y.) .  T h e  c o r e  of  t h e  o t h e r  was r i c h e r  i n  N i  
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. 

(7 - 11% or more) ,  poor  i n  G a  and G e  (Ga e 24 PPM, G e  < 80 PPM), 

knd c o o l e d  more r a p i d l y  ( 5  - 20°C/m.y.). The o c t a h e d r i t e s  

s t u d i e d  may e q u a l l y  w e l l  r e p r e s e n t  f o u r  p l a n e t s ,  c o r r e s p o n d i n g  

t o  t h e  Ga-Ge g r o u p s ,  or even  t e n  p l a n e t s .  

The d i f f e r e n t i a l  e q u a t i o n  f o r  h e a t  f l o w  i n  s p h e r i c a l  

b o d i e s  w a s  s o l v e d  n u m e r i c a l l y  by d i g i t a l  computer  (Appendix I )  

t o  f i n d  t h e  r e l a t i o n s h i p  between s i z e  o f  a p l a n e t  and t h e  r a t e  

a t  which i t s  c e n t e r  c o o l e d  th rough  t h e  t e m p e r a t u r e  r a n g e  i n  

which t h e  Widmanstt i t ten s t r u c t u r e  formed ( F i g .  2 3 ) .  We see 

t h a t  t h e  r a n g e  o f  c o o l i n g  ra tes  0 . 5  - 2'C/m.y. c o r r e s p o n d s  t o  

a p l a n e t  130-260 km i n  r a d i u s .  The r a n g e  5 - 2O0C/m.y. r e q u i r e s  

a p l a n e t  50 - 90 km i n  r a d i u s .  These  are a s t e r o i d a l  d imens ions .  

T h r e e  o f  t h e  known a s t e r o i d s  -- Ceres,  Pa l l a s ,  and Vesta -- 

must have  cooled more s l o w l y  t h a n  l"C/m.y. A t  l eas t  s i x  c o o l e d  

more s l o w l y  t h a n  10"C/m.y. J. I .  G o l d s t e i n  (1964)  h a s  r e c e n t l y  

comple ted  a tho roughgo ing  a n a l y s i s  o f  t h e  t h e r m a l  h i s t o r y  of 

i r o n  meteorites.  L i k e  t h e  w r i t e r ,  h e  per formed a n  e l e c t r o n  

p r o b e  - d i g i t a l  computer  a n a l y s i s  of t h e  Widmanstt i t ten s t r u c t u r e .  

Al though h i s  method and c o n c l u s i o n s  d i f f e r  i n  d e t a i l  f rom 

t h o s e  p r e s e n t e d  h e r e ,  h i s  g e n e r a l  c o n c l u s i o n  is a l so  t h a t  t h e  

i r o n  meteorites formed i n  a s t e r o i d a l  b o d i e s .  

The potassium, uran ium and i , i i w i 7 i u r n  coiiteiit of ehoi id i^ i t iC  

or p l a n e t a r y  mat ter  is n o t  adequa te  t o  h e a t  s u c h  s m a l l  p l a n e t s  

t o  t h e  m e l t i n g  p o i n t  of i r o n ,  and so  t h e  i d e a  h a s  g a i n e d  c u r -  

r e n c y  t h a t  t h e y  c o n t a i n e d  a t  t h e  o u t s e t  r a d i o n u c l i d e s  of  v e r y  

s h o r t  h a l f - l i f e ,  s u c h  as A 1  , which i n  d e c a y i n g  p r o v i d e d  a 26 
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b r i e f  p u l s e  o f  h i g h  t e m p e r a t u r e  ( F i s h ,  Go les  and Anders ,  1960) .  

Such a heat s o u r c e  is  assumed t o  have p r o v i d e d  t h e  i n i t i a l  

t e m p e r a t u r e  o f  1600°C which  w a s  used  i n  t h e  heat-flow c a l c u l a -  

t i o n s  i n  t h i s  p a p e r .  The ex t r eme ly  h i g h  c o o l i n g  r a t e  deduced 

f o r  PiEon is a p p r o p r i a t e  t o  a p l a n e t  of  o n l y  5 - 12 k m  r a d i u s .  

So s m a l l  a p l a n e t  would have  t o  c o n t a i n  a c o l o s s a l  amount 

of A I z 6  i n  o r d e r  t o  m e l t .  

c o l l i s i o n  between l a r g e r  p l a n e t s  l e f t  P ixon  t o  c o o l  o n l y  a 

f e w  k i l o m e t e r s  b e n e a t h  t h e  f r a c t u r e  s u r f a c e  o f  one  of t h e  f rag-  

ments .  

I t  seems more l i k e l y  t h a t  an  e a r l y  

I t  is i n t e r e s t i n g  t o  n o t e  ( F i g .  24) t h a t  a rough  c o r r e l a -  

t i o n  e x i s t s  between t h e  c o o l i n g  r a t e s  found and magni tude  of 

t h e  Agrell  effect  ( i . e . ,  maximum N i  c o n t e n t  o f  kamacite minus 

N i  c o n t e n t  o f  kamacite a t  t h e  l e a d i n g  edge o f  M - p r o f i l e s ,  

a v e r a g e d  for each o c t a h e d r i t e ) .  T h e  s e n s e  o f  t h e  r e l a t i o n  is 

t h a t  slower c o o l i n g  o c t a h e d r i t e s  show more pronounced Agre l l  

e f fec t .  A t  slower c o o l i n g  r a t e s ,  d i f f u s i o n  i n  kamacite is  a c t i v e  

t o  a lower  t e m p e r a t u r e ,  T h i s  s u p p o r t s  t h e  s u g g e s t i o n  made i n  

S e c t i o n  3 ,  t h a t  s h o r t - r a n g e  d i f f u s i o n  i n  kamacite was s t i l l  

a c t i v e  a f t e r  t h e  a / ( a  + y) boundary r e v e r s e d  s l o p e ,  so  t h a t  t h e  

Agre l l  e f fec t  r e c o r d s  t h e  e f f o r t  of  k a m a c i t e  t o  decrease i ts  

N i  c o n t e n t  wherever  a/y p h a s e  b o u n d a r i e s  were n e a r  a t  hand t o  

s e r v e  as N i  s i n k s .  
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5 .  PLESSITE 

A l l e n  and E a r l e y  (1950) p o i n t e d  o u t  t h a t  a n n e a l e d  a2 

a l l o y s  t r a n s f o r m  prompt ly  i n t o  Q! + y .  I t  seems p r o b a b l e  t h a t  

p l e s s i t e  formed i n  t h i s  manner: when s u p e r c o o l e d  m e t e o r i t i c  

y p h a s e  c r o s s e d  theMs c u r v e a n d  t r a n s f o r m e d  t o  a p h a s e ,  i t  

was s t i l l  i n  t h e  a + y f i e l d  of s t a b i l i t y  ( F i g .  3 ) ,  and i m -  
2 

m e d i a t e l y  began p r e c i p i t a t i n g  c r y s t a l s  o f  y p h a s e .  T h e s e  grew 

t o  wha teve r  s i z e  w a s  c o n s i s t e n t  w i t h  t h e  c o o l i n g  r a t e  a n d  t h e  

d i f f u s i o n  c o e f f i c i e n t  o f  N i  i n  Q! 2' 

T h i s  is e s s e n t i a l l y  t h e  same mechanism proposed  by 

U h l i g  (1954) ,  e x c e p t  t h a t  h e  invokes  p r e s s u r e - r e l e a s e  t o  c r e a t e  

t h e  a p h a s e .  The c o o l i n g  exper iment  d e s c r i b e d  i n  S e c t i o n  1 

shows t h a t  no s u c h  e x t r a o r d i n a r y  e v e n t  w a s  needed;  y p h a s e  is 

r e l u c t a n t  t o  t r a n s f o r m  t o  a + y ,  and one  can  h a r d l y  h e l p  g e t -  

2 

t i n g  (L as t h e  end p r o d u c t  of  c o o l i n g  e x p e r i m e n t s  on a l l o y s  of 

m e t e o r i t i c  c o m p o s i t i o n .  
2 

The v a r i a b i l i t y  i n  c o a r s e n e s s  o f  p l e s s i t e  is l a r g e l y  

The lower t h e  N i  c o n t e n t  2 '  e x p l a i n e d  i f  i t  w a s  d e r i v e d  from a 

of s u p e r c o o l e d  m e t e o r i t i c  y phase ,  t h e  h i g h e r  t h e  t e m p e r a t u r e  

a t  which i t  c r o s s e d  t h e  M l i n e ,  and t h e r e f o r e  t h e  g r e a t e r  
S 

ChECCP diffL!sic?r, had tc Zc?VP Ni znd Z l l c ! Y  c r y s t a l  tc! grew. 

Thus ,  g l e s s i t e  grew c o a r s e s t  a t  t h e  c e n t e r s  of  y r e g i o n s ,  where  

N i  c o n t e n t  w a s  l o w e s t .  We c a n  a l s o  u n d e r s t a n d  why p l e s s i t e  areas 

g e n e r a l l y  do n o t  resemble m i n i a t u r e  W i d m a n s t t i t t e n  s t r u c t u r e s .  

Widmanst t i t ten s t r u c t u r e s  form by p r e c i p i t a t i o n  of a p l a t e s  
t 3 

a l o n g  ill15 p l a n e s  i n  t h e  h o s t  y p h a s e ;  b u t  i f  t h e  h o s t  is a2 
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. 

i n s t e a d  o f  y ,  w e  have  e v e r y  reason t o  e x p e c t  a c o m p l e t e l y  d i f -  

f e r e n t  mode o f  p r e c i p i t a t i o n .  

An a t t e m p t  w a s  made t o  c r e a t e  p l e s s i t e  t e x t u r e s  by h e a t -  

i n g  8% N i  a l l o y s  ( i n i t i a l l y  i n  t h e  a s t a t e )  a t  663 f 14°C 

f o r  v a r y i n g  l e n g t h s  of  t i m e .  R e s u l t s  a r e  shown i n  F i g .  6D-F. 

N o  s t r i k i n g  r e semblance  t o  m e t e o r i t i c  p l e s s i t e s  (F ig .  10E-J) 

w a s  o b t a i n e d .  The l a t t e r  a r e  h i g h l y  v a r i a b l e  i n  t e x t u r e ,  and 

t h e i r  c r y s t a l l i z a t i o n  is p robab ly  s t r o n g l y  i n f l u e n c e d  by 

phospiiorus and c a r b o n .  T a e n i t e  g r a i n s  i n  t h e  a n n e a l e d  a l l o y s  

grew t o  about 7p r a d i u s  i n  7 days ,  abou t  12p  r a d i u s  i n  6 1  d a y s .  

2 

I t  is i n t e r e s t i n g  t o  t e s t  t h e  i d e a  t h a t  p l e s s i t e  evo lved  

from s u p e r c o o l e d  y phase  a f t e r  i t  c r o s s e d  t h e  M l i n e ,  by calcu- 

l a t i n g  t h e  s i ze  t h a t  y c r y s t a l s  growing  i n  a phase  c o u l d  a t t a i n  

(unde r  t h e  a s sumpt ion  t h a t  t h i s  w a s  l i m i t e d  o n l y  by t h e  d i f f u -  

s i o n  ra te  of N i  i n  a ) ,  and comparing t h i s  w i t h  t h e  d imens ions  

o f  y c r y s t a l s  i n  r ea l  p l e s s i t e .  U n f o r t u n a t e l y  D(Ni , a  ) is n o t  

known. A c r u d e  compar ison  c a n  b e  made by assuming D(Ni , a  ) = 

D ( N i , a ) .  The q u a n t i t y  D ( N i , a )  x t i m e  p r e d i c t s  d i m e n t i o n s  o f  

1 .3  and 3.91, r e s p e c t i v e l y ,  f o r  t h e  y c r y s t a l s  grown d u r i n g  

t h e  a n n e a l i n g  expe r imen t  d e s c r i b e d  above ,  compared w i t h  dimen- 

s i o n s  o f  7 and 12p  a c t u a l l y  produced,  so  t h e  a p p r o x i m a t i o n  is 

S 

2 

2 

2 

2 

iio'i cornpie'ielS- un i -ea~~s t i e .  

Va lues  o f  D ( N i , a ) d t  for v a r i o u s  N i  c o n t e n t s  and c o o l i n g  J 
ra tes  are g i v e n  i n  Table 4 .  In  e a c h  case t h e  i n t e g r a t i o n  w a s  

begun a t  t h e  M t e m p e r a t u r e  f o r  a y a l l o y  o f  t h a t  c o m p o s i t i o n .  
S 
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Arms t rong ' s  (1958) approx ima t ion  t o  t h e  above  i n t e g r a l  was used  

' t o  calculate  t h e s e  d i f f u s i o n  d i s t a n c e s .  We see t h a t  p l e s s i t e  

o f  micron  or g r e a t e r  d imens ion  is a t t a i n a b l e  i n  areas where 

b u l k  N i  c o n t e n t  is less t h a n  1 6  - 17%; most p l e s s i t e  i n  o c t a -  

h e d r i t e s  f a l l s  i n  t h i s  c o m p o s i t i o n a l  r a n g e .  However, T a b l e  4 

p r e d i c t s  t h a t  y p h a s e  w i t h  more t h a n  abou t  18% N i  s h o u l d  n o t  

have  deve loped  m i c r o s c o p i c a l l y  v i s i b l e  p l e s s i t e .  I n  mete- 

o r i t e s ,  t h e  c u t o f f  seems t o  come a t  21-22% N i .  The d i s c r e p e n c y  

between t h e s e  v a l u e s  p r o b a b l y  r e f l e c t s  t h e  d i f f e r e n c e  between 

d i f f u s i o n  r a t e s  o f  N i  i n  a and a p h a s e s .  
2 
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Appendix I .  

PLANETARY HEAT-FLOW CALCULATIONS 

The d i f f e r e n t i a l  e q u a t i o n  for f l o w  of h e a t  i n  a homo- 

geneous  s p h e r i c a l  s o l i d  body was s o l v e d  n u m e r i c a l l y  by a 

d i g i t a l  computer  program which y i e l d e d  as o u t p u t  t h e  t e m p e r a t u r e  

h i s t o r y  of t h e  c e n t e r  o f  t h e  body. A 6 x 230:. ,I-:sh was used  i n  

t h e  c o m p u t a t i o n ,  i . e .  , t e m p e r a t u r e s  were c a l c u l a t e d  a t  t h e  c e n t e r  

o f  t h e  p l a n e t  and f o u r  p o i n t s  e q u a l l y  s p a c e d  be tween c e n t e r  

and s u r f a c e ;  and t h e  c a l c u l a t i o n s ,  which b e g i n  4 . 6  x 10  y e a r s  

ago ,  p roceed  i n  two m i l l i o n  y e a r  s t e p s .  S o l u t i o n s  are s t a b l e  

f o r  p l a n e t s  o f  r a d i u s  g r e a t e r  t h a n  a b o u t  47 km. A l a r g e r  number 

of computa t ion  p o i n t s  a l o n g  t h e  r a d i u s  o f  t h e  p l a n e t  would have  

been d e s i r a b l e ,  b u t  i n  o r d e r  t o  m a i n t a i n  s t a b i l i t y  o f  s o l u t i o n  

f o r  s m a l l  p l a n e t s  t h e  number of c o m p u t a t i o n s  made by t h e  machine 

and hence  t h e  c o s t  o f  e a c h  t e m p e r a t u r e  h i s t o r y  would have  had t o  

i n c r e a s e  as t h e  cube  of t h e  number of  r a d i u s  i n t e r v a l s .  

9 

Where r a d i o a c t i v e  h e a t  g e n e r a t i o n  was assumed, t h i s  w a s  

based  on  c h o n d r i t i c  l e v e l s  of r a d i o n u c l i d e s .  I n i t i a l  abundances  

o f  K , U  and Th which would y i e l d  t h e  f o l l o w i n g  measured p r e s e n t -  

day abundances  were assumed: 

Edwards and Urey (1955)  -,4 0 -7 
K . . = .  . . . . . + 1 . 0 1  x 10  gm/gm 

Hamaguchi, Reed and u238 -8 -1.1 x 1 0  gm/gm 

I T u r k e v i c h  (1957) . . . . o . .  . . . 7 . ~  x 10-llgm/gm u23 5 

B a t e ,  Huizenga and P o t r a t z  -8 Th232 ......... 3 .96  x 1 0  gm/gm 
(1959)  
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O t h e r  p a r a m e t e r s  assumed were as f o l l o w s :  
3 D e n s i t y  = 3 . 6 0  c m / c m  . 

Heat c a p a c i t y  = 0.198 + (0 .98  x 10'4)T(0K) cal /gm O K ,  

based  on  t h e  h e a t  c a p a c i t y  of c h o n d r i t e s  a t  room tempera-  

t u r e  (Alekseeva ,  1958)  and dCp/dt f o r  a p p r o p r i a t e  terres- 

t r i a l  r o c k  t y p e s .  

Thermal c o n d u c t i v i t y  = 0.005 cal/sec c m  O K ,  t h e  room t e m p e r a t u r e  

c o n d u c t i v i t y  o f  c h o n d r i t e s  (Alekseeva ,  1 9 6 0 ) .  Tempera- 

t u r e  c o e f f i c i e n t  n o t  known. 

S u r f a c e  t e m p e r a t u r e  of  p l a n e t  =-103OC, t h e  mean black-body 

t e m p e r a t u r e  o f  a n  o b j e c t  i n  t h e  a s t e r o i d  b e l t .  

N o  a l l o w a n c e  was made f o r  p a r t i a l  m e l t i n g  o r  phase  changes  

and t h e i r  a t t e n d a n t  h e a t s  o f  t r a n s i t i o n  and changes  i n  e f f e c t i v e  

c o n d u c t i v i t y ,  nor f o r  t h e  appea rance  o f  r a d i a t i v e  h e a t  t r a n s f e r  

a t  h i g h  t e m p e r a t u r e s .  

I n  c a l c u l a t i n g  c u r v e  A ,  F i g .  2 , ' i n i t i a l  t e m p e r a t u r e  was 

assumed t o  d e c r e a s e  l i n e a r l y  w i t h  r a d i u s  i n  t h e  p l a n e t ,  from 

16OO0C a t  t h e  c e n t e r  t o  -103OC a t  t h e  s u r f a c e .  T h i s  c o n f i g u r a -  

t i o n  is t h e  most f a v o r a b l e  t o  U h l i g ' s  r e q u i r e m e n t  of c e n t r a l  

c o o l i n g  t h a t  can  r e a s o n a b l y  be assumed. Higher  i n i t i a l  tempera-  

t u r e s  i n  t h e  o u t e r  r e a c h e s  o f  t h e  p l a n e t  would have  f u r t h e r  

i n h i b i t e d  h e a t  l o s s  from t h e  c e n t e r .  

C a l c u l a t i o n  o f  t h e  c u r v e s  i n  F ig .  23 assumed c h o n d r i t i c  

l e v e l s  of K ,  U and Th i n  t h e  p l a n e t s ,  b u t  t h i s  is u n i m p o r t a n t .  

I n  t h e  n e a r l y  s t r a i g h t  p o r t i o n s  o f  t h e  c u r v e s ,  c o o l i n g  ra tes  are  
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almost who l ly  dependent  on the rma l  i n e r t i a  of t h e  p l a n e t s .  Only 

a t  t h e  uppe r  l e f t  e n d s  of t h e  c u r v e s ,  where t h e y  a b r u p z l y  

i n c r e a s e  i n  s l o p e ,  does i n t e r n a l  r a d i o a c t i v e  h e a t  g e n e r a t i o n  be- 

come impor t  a n t .  



Appendix 11. 

A COMPUTER PROGRAM FOR N I  DIFFUSION 

f 

F i c k ’ s  e q u a t i o n  f o r  d i f f u s i o n  o f  N i  i n  y Ni-Fe w a s  

approximated  by t h e  c o r r e s p o n d i n g  d i f f e r e n c e  e q u a t i o n ,  and t h i s  

w a s  s o l v e d  n u m e r i c a l l y  f o r  v a r i o u s  c o o l i n g  h i s t o r i e s .  Two con- 

s i d e r a t i o n s  p r e v e n t e d  t h e  computa t ion  from b e i n g  a s t r a i g h t -  

fo rward  one :  t h e  q u e s t i o n  of s t a b i l i t y  of s o l u t i o n ,  and t h e  

encroachment  of growing a p h a s e  i n t o  t h e  y f i e l d  where d i f f u -  

s i o n  c a l c u l a t i o n s  were b e i n g  made. 

If d u r i n g  t h e  c o u r s e  of s u c h  a computa t ion  t h e  q u a n t i t y  

Q = DAt/(Axl2 e x c e e d s  a c r i t i c a l  v a l u e ,  i n s t a b i l i t y  s e t s  i n  

(D = N i  d i f f u s i o n  c o e f f i c i e n t ,  A t  = t i m e  i n t e r v a l  between suc -  

c e s s i v e  c o m p u t a t i o n s ,  Ax = d i s t a n c e  be tween  computa t ion  p o i n t s  

on t h e  d i f f u s i o n  p r o f i l e ) .  The problem is t o  choose A t  and Ax 

i n  s u c h  a way t h a t  Q n e v e r  exceeds  t h e  c r i t i c a l  v a l u e .  

A c o n s t a n t  v a l u e  f o r  A t  c o u l d  n o t  be u s e d ,  s i n c e  it was 

a n t i c i p a t e d  t h a t  a w i d e  r a n g e  of c o o l i n g  ra tes  would be tes ted,  

and any s i n g l e  v a l u e  of A t  would mean e i t h e r  too many computa- 

t i o n s  and was ted  machine t i m e  a t  low c o o l i n g  r a t e s ,  or t o o  few 

c o m p u t a t i o n s  and i n s u f f i c i e n t l y  d e t a i l e d  r e s u l t s  a t  h i g h  c o o l i n g  

ra tes .  S u c c e s s i v e  computa t ions  were t h e r e f o r e  carr ied o u t  a t  

1°C i n t e r v a l s ,  making A t  = ( c o o l i n g  ra te ) - ’ .  

S i m i l a r l y ,  y r e g i o n s  of w i d e l y  v a r y i n g  i n i t i a l  d imens ion  

were t o  be u s e d ,  and t h e s e  were e x p e c t e d  t o  decrease i n  s i ze  

d u r i n g  each r u n  because  of a encroachment .  T h e r e f o r e  a f i x e d  
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v a l u e  of Ax c o u l d  n o t  be u s e d ,  s i n c e  t h i s  would mean too many 

or t o o  f e w  p o i n t s  a l o n g  t h e  d i f f u s i o n  p r o f i l e  u n d e r  d i f f e r i n g  

c i r c u m s t a n c e s .  

D, of  c o u r s e ,  d e c r e a s e s  d r a s t i c a l l y  i n  v a l u e  as tempera-  

t u r e  f a l l s .  Obv ious ly ,  t h e n ,  Q c o u l d  v a r y  w i d e l y  n o t  o n l y  

from one  c o o l i n g  r u n  t o  a n o t h e r ,  b u t  a l s o  d u r i n g  t h e  c o u r s e  

of  e a c h  i n d i v i d u a l  r u n .  

C o n t r o l  w a s  e x e r c i s e d  o v e r  Q by making a v a i l a b l e  t o  t h e  

program a ser ies  of  d i f f e r e n t  mesh s izes  -- i . e . ,  t h e  program 

c o u l d  p l a c e  79  e q u a l l y  s p a c e d  computa t ion  p o i n t s  (=80 i n t e r v a l s )  

between an  a/a, i n t e r f a c e  and t h e  center o f  t h e  d e v e l o p i n g  M- 

p r o f i l e ,  or it c o u l d  u s e  40, 20, 10 ,  5 ,  or 2 i n t e r v a l s ,  or o n l y  

1. The v a l u e  o f  Ax depends  on  t h i s  number of mesh p o i n t s  assumed, 

and Q depends  on Ax, so  t h e  program w a s  ab le  t o  m a i n t a i n  s t a b i l i t y  

by c h o o s i n g  a t  e a c h  c o m p u t a t i o n a l  s t e p  a s u f f i c i e n t l y  s m a l l  num- 

b e r  of mesh p o i n t s .  (The program used  t h e  maximum number o f  mesh 

p o i n t s  c o n s i s t e n t  w i t h  s t a b i l i t y . )  I n  t h e  e v e n t  t h a t  Q w a s  t o o  

l a r g e  f o r  s t a b i l i t y  even i f  on ly  1 i n t e r v a l  w a s  assumed, t h e  

program abandoned u s e  o f  t h e  d i f f u s i o n  e q u a t i o n  and s i m p l y  set  

c e n t r a l  N i  c o n c e n t r a t i o n  e q u a l  t o  N i  c o n c e n t r a t i o n  a t  t h e  a/a,  

i n t e r f a c e  (D = m ) .  

As t e m p e r a t u r e  decreased i n  each computer  r u n ,  D decreased 

and t h e  mesh became c o r r e s p o n d i n g l y  f i n e r .  I n  a t y p i c a l  r u n ,  

b e g i n n i n g  a t  960°C, t h e  program w a s  f o r c e d  t o  assume D = 

u n t i l  t e m p e r a t u r e  dropped t o  903O. T h e r e  i t  began t o  s o l v e  t h e  
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d i f f u s i o n  e q u a t i o n  fo r  o n l y  one mesh i n t e r v a l .  By 848",  D 

had decreased s u f f i c i e n t l y  t o  allow t h e  i n t e r v a l  t o  d i v i d e  

i n t o  two. A t  798' t h e s e  became 5, a t  766"  10 ,  a t  739"  20 ,  

a t  715' 40 ,  and f rom 701" u n t i l  t h e  program t e r m i n a t e d ,  80 

i n t e r v a l s  were u s e d .  

The p r o g r a m ' s  way o f  t a k i n g  i n t o  accoun t  encroachment  

o f  growing a p h a s e  on t h e  y r e g i o n  is b e s t  e x p l a i n e d  by a n  

example.  F i g .  25  shows what happens d u r i n g  each s t e p  i n  t h e  

computa t ion  ( e x a g g e r a t e d ) .  

1 

A :  T h i s  is t h e  d i f f u s i o n  p r o f i l e  a r r i v e d  a t  by t h e  

p r e v i o u s  s t e p .  I t  is d i v i d e d  i n t o  f i v e  i n t e r v a l s ,  t h e  m a x i m u m  

number c o n s i s t e n t  w i t h  s t a b i l i t y .  

B: T h i s  s t e p  is carried out a t  a t e m p e r a t u r e  1' lower 

t h a n  t h e  l a s t  s t e p .  D(Ni ,y)  w i l l  t h e r e f o r e  be smaller.  The 

e q u i l i b r i u m  c o n c e n t r a t i o n  o f  N i  i n  y p h a s e  w i l l  be g r e a t e r .  

The l a t t e r  v a l u e  is c a l c u l a t e d  from a n  algebraic e q u a t i o n  f i t t e d  

t o  t h e  y / ( a  + y )  boundary of  Owen and L i u  (1949) .  The l e f t -  

hand mesh p o i n t  t a k e s  on t h i s  new v a l u e .  T h i s  p o i n t  r e p r e s e n t s  

N i  c o n c e n t r a t i o n  a t  t h e  a/a, i n t e r f a c e ,  and is assumed t o  e q u a l  

t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  of N i  i n  y p h a s e  a t  a l l  t i m e s .  

C :  The d i f f e r e n c e  e q u a t i o n  f o r  f l o w  o f  N i  is now s o l v e d  

a t  t h e  f i v e  i n t e r i o r  mesh p o i n t s ,  u s i n g  t h e  new lower v a l u e  of 

D(Ni, y ) .  N i  c o n c e n t r a t i o n s  increase a t  these p o i n t s .  
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I 

D: The t o t a l  amount of  N i  i n  y p h a s e  is a s s e s s e d  by cal- 

' c u l a t i n g  t h e  area unde r  t h e  p r o f i l e  i n  C .  E q u i l i b r i u m  N i  con- 

t e n t  o f  a p h a s e  is  c a l c u l a t e d  from an a l g e b r a i c  e q u a t i o n  f i t t e d  

t o  one  o f  t h e  a / ( a  + y )  boundar i e s  i n  F i g .  18. The t o t a l  amount 

of N i  i n  a p h a s e  is computed, under  t h e  a s s u m p t i o n  t h a t  t h e  

whole a r e g i o n  (d imens ion  = i n i t i a l  s i z e  o f  y r e g i o n ,  when a 

n u c l e a t i o n  began,  minus p r e s e n t  s i z e  o f  y r e g i o n )  c o n t a i n s  t h e  

e q u i l i b r i u m  c o n c e n t r a t i o n  o f  N i .  N i  i n  y p l u s  N i  i n  a is com- 

p a r e d  w i t h  b u l k  N i  c o n t e n t  t h a t  w a s  o r i g i n a l l y  assumed f o r  t h e  

s y s t e m ,  and a s u r p l u s  found ,  s ince b o t h  a and y p h a s e s  have  

i n c r e a s e d  t h e i r  c o n c e n t r a t i o n s  of N i  d u r i n g  t h i s  s t e p .  The s u r -  

p l u s  is ba lanced  o f f  by s h i f t i n g  t h e  a / y  i n t e r f a c e  an  appro-  

p r i a t e  d i s t a n c e  t o  t h e  r i g h t  (a enc roachmen t ) .  The new p o s i t i o n  

o f  t h e  i n t e r f a c e  is c a l c u l a t e d ;  i n  g e n e r a l  it f a l l s  between two 

of t h e  mesh p o i n t s .  

E:  A new, smaller  v a l u e  o f  Ax is now chosen ,  t o  r e s t o r e  

t h e  t r u n c a t e d  p r o f i l e  t o  a r e f e r e n c e  s y s t e m  of s i x  e q u a l l y  spaced 

mesh p o i n t s  ( f i v e  i n t e r v a l s ) .  N i  c o n c e n t r a t i o n  v a l u e s  f o r  t h e  

new p o i n t s  are based on l i n e a r  i n t e r p o l a t i o n s  between t h e  o l d  

o n e s .  

F: Q is r e a s s e s s e d .  D and Ax are  smaller  t h a n  t h e y  were 

when t h i s  w a s  l a s t  done.  T h i s  t i m e  it is found t h a t  s t ab le  

s o l u t i o n s  c a n  be o b t a i n e d  w i t h  a t e n - i n t e r v a l  mesh. Xew mesh 

p o i n t s  are i n s e r t e d ,  t h e i r  N i  c o n c e n t r a t i o n s  based on l i n e a r  

i n t e r p o l a t i o n s  between t h e  o r i g i n a l  s i x  p o i n t s .  



C o a r s e s t  

C o a r s e  

Medium 

F i n e  

F i n e s t  

Table  1. 

C l a s s i f i c a t i o n  of O c t a h e d r i t e s  

Rose-Tschermak- 
B r e z i n a  symbol 

Th ickness  of 
kamac i t e  p l a t e s ,  

mm 

>2.5 

1 . 2  - 2.5 
0 .5  - 1 . 2  

0.2 - 0 .5  

<0.2 

Bulk N i  
c o n t e n t ,  
w t .  p c t .  

6 - 7  

6.5 - 7.5 
6.5 - 10  

7.5 - 10.5 
8 - 15 

R e l a t i v e  
abundance 
(finds + 

f a l l s )  

6% 

23% 

49% 

16% 

6% 



M e t e o r i t e s  s t u d i e d  

~ 

A r i s p e  

CaKon D i a b l o  

Odessa 

T r e n t o n  

S a n t a  Apo lon ia  

Henbury 

T o l u c a  

B r i s t o l  

Duchesne 

Gran t  

Anoka 

Monahans 

Pii ion 

T l a c a t o p e c  

Table  2. 

C l a s s i f i c a t i o n  

Ogg 

og 

og 

om 
om 
om 
om 
Off 

Of 

Of 

Of -Off 

N i - r i c h  

a t  ax i t es 

N i c k e l  
c o n t e n t ,  

6 .77b 

7 .17b  

W t .  % 

7.55b 

7.91' 

7.83' 

7 .  70b  

8.31b 

8.15b 

9.20d 

9 .35e  

11.49' 

10 .  88f 

16.  5€ib 

16 .  23g 

Ga-Ge 
groupa  

I1 

I1 

IV 

€ V  
- 

IV 

IV 

a.  L o v e r i n g ,  N i c h i p o r u k ,  Chodos and Brown (1957)  

b. Go ldbe rg ,  Uchiyama and Brown (1951)  

c. G r a v i m e t r i c  chemica l  a n a l y s e s  by t h e  a u t h o r ,  u s i n g  t h e  

d i m e t h y l g l y o x i n e  method. Smith (1869) r e p o r t e d  7.20% 

N i  i n  Trenivr i .  

d .  N i n i n g e r  (1929)  

e.  Henderson (1941)  

f .  N i n i n g e r  (1939)  

g .  N i n i n g e r  (1931)  

t 



T a b l e  3. 

Approximate d i f f u s i o n  d i s t a n c e s ,  ( D t )  1/2 , i n  

T, "C 

600 
580 
560 
540 
520 
500 
480 
460 
440 
420 
400 

d i s t a n c e ,  p 

13000 
9000 
6000 
4000 
2700 
1700 
1000 

600 
340 
160 
80 

kamac i t e  

. 



Table 4. 

Diffusion distances for Nickel in Q phase 

Wt. %J 
Ni in 
alloy 

10 

12 

14 

16 

18 

20 

22 

MS. 
Temperature, 

"C 

520 

440 

370 

320 

260 

210 

160 

SDdt, microns 

.l"/m.y. 

2100 

260 

29 

3.9 

0.21 

0.010 

0.0004 

10°/m.y. 

660 

82 

9.1 

1.2 

0.068 

0.0033 

0.0001 



F i g u r e  C a p t i o n s  

F ig .  1. Phase  d i ag ram f o r  p a r t  o f  t h e  b i n a r y  s y s t e m  Fe-Ni, 

a t  one  a tmosphere  p r e s s u r e ,  t o g e t h e r  w i t h  i d e a l i z e d  N i  p ro -  

f i l e s  which might d e v e l o p  i n  a n  8% N i  a l l o y  as it  c o o l e d  

t h r o u g h  t h e  a + y f i e l d .  High t e m p e r a t u r e  p o r t i o n  o f  p h a s e  

d i ag ram from Bennek and S c h a f m e i s t e r  (1931) ; l o w  t e m p e r a t u r e  

p o r t i o n  from Owen and L i u  (1949) .  

F i g .  2 .  C a l c u l a t e d  t h e r m a l  h i s t o r i e s  o f  t h e  c e n t e r  o f  a s t o n y  

p l a n e t ,  r a d i u s  = 1290 km. A,  no r a d i o a c t i v e  h e a t  s o u r c e s ,  i n i -  

t i a l  t e m p e r a t u r e  of  1600°C. B, C ,  same c o n t e n t  of  K ,  U and Th 

as  c h o n d r i t i c  m e t e o r i t e s ;  h i g h  and low i n i t i a l  t e m p e r a t u r e s .  

Hatched band, t e m p e r a t u r e  of  f o r m a t i o n  of Widmanst i l t ten s t r u c -  

t u r e  a c c o r d i n g  t o  U h l i g  (1954) .  

F i g .  3 .  

Heavy s o l i d  l i n e s ,  Owen and Liu  (19491, e x p e r i m e n t a l .  Dashed 

l i n e s ,  Kaufman and Cohen (19561, c a l c u l a t e d .  M and As, Karifman 

and Cohen (19561, e x p e r i m e n t a l .  

Fe-Ni p h a s e  d i ag ram,  w i t h  a2 t r a n s f o r m a t i o n  c u r v e s .  

S 

F i g .  4 .  

a r t i f i c i a l  Fe-Ni a l l o y s . ,  

Coun t ing  ra tes  of N i  ka r a d i a t i o n  e m i t t e d  by f i v e  

F i n .  5. D e l e t e d .  

F i g .  6 .  A ,  T r e n t o n  o c t a h e d r i t e ,  macruphOtegi-Zph of Z;oliShC?d 2Ed 

e t c h e d  s u r f a c e ,  showing Widmansti l t ten s t r u c t u r e .  B-J, photo-  

m i c r o g r a p h s  of s t r u c t u r e s  i n  a r t i f i c i a l  Fe-Ni a l l o y s ,  s u r f a c e s  

p o l i s h e d  and e t c h e d  w i t h  p i c r a l ,  viewed by r e f l e c t e d  l i g h t .  

B l a c k  s p o t s  are i r o n  o x i d e  i n c l u s i o n s .  S c a l e  b a r s ,  l o o p .  Arrows 



are traces of mic roprobe  p r o f i l e s  a p p e a r i n g  i n  F ig .  11, and show 

* d i r e c t i o n  of movement of beam. B, 18% N i  a l l o y  and C,  8% N i  

a l l o y  c o o l e d  a t  -G°C/day from 800°C t o  room t e m p e r a t u r e .  

c o n s i s t  of  a phase .  The 18% a l l o y  shows a bogus Widmanstgt ten 

s t r u c t u r e .  D and E ,  8% N i  a l l o y s  annea led  a t  663'C f o r  7 (D) 

and 6 1  (E) d a y s ,  showing growth of y c r y s t a l s .  F, 8% N i  - 

6 1  day a n n e a l e d  a l l o y  a t  h i g h e r  m a g n i f i c a t i o n .  La rge  c lear  

areas are y p h a s e .  G,  8% N i ,  0.2% P - 6 1  d a y  a l l o y .  

Both 

2 

F i g .  7 .  F i g s .  7 - 1 0  a re  photomicrographs  of  s t r u c t u r e s  i n  i r o n  

m e t e o r i t e s ,  s u r f a c e s  p o l i s h e d  and e t c h e d  w i t h  p i c r a l ,  viewed by 

r e f l e c t e d  l i g h t .  Numbered ar rows  are  mic roprobe  s c a n s  a p p e a r i n g  

i n  F i g s .  1 2  - 1 6 .  T-shaped symbols show a n g l e  a t  which p l a n a r  

s t r u c t u r e s  d i p  i n t o  s u r f a c e  o f  metal. S c a l e  b a r s :  A , E , J ,  1OOOp; 

B , C , D ,  F,G,H, 1 0 0 ~ .  A ,  A r i s p e ;  B-D, Canon D i a b l o ;  E-G, Odessa ;  

J ,  T r e n t o n ;  o c t a h e d r i t e s .  Dark areas are  p l e s s i t e ,  s u r r o u n d i n g  

l i g h t  areas are k a m a c i t e .  T a e n i t e  a p p e a r s  as t h i n  l i g h t - c o l o r e d  

bands  i n  p a r a l l e l  a r r a y  o r  s e p a r a t i n g  p l e s s i t e  f rom k a m a c i t e .  

F i g .  8.  S c a l e  b a r s :  A , B , C , G , H ,  1 0 0 0 ~ ;  D,E,F ,  J,  1 0 0 ~ .  A ,  B, 

T r e n t o n ;  C , D ,  S a n t a  Apo lon ia ;  E ,  Henbury; F-H, T o l u c a ;  J ,  B r i s t o l ;  

o c t a h e d r i t e s .  Henbury h a s  s u f f e r e d  r e h e a t i n g  on e a r t h  i m p a c t ;  

n o t e  g r a n u l a t i o n  i n  t a e n i t e - p l e s s i t e  a r e a  and a p p e a r a n c e  of 

s m a l l  t a e n i t e  n e e d l e s  i n  kamac i t e .  

F i g .  9. S c a l e  b a r s :  A,B,F ,G,H,J ,  1 0 0 0 ~ ;  C , D , E ,  1 0 0 ~ .  A ,  B r i s t o l ;  

B-D, Duchesne;  E-H, G r a n t ;  J ,  Anoka; o c t a h e d r i t e s .  



Fig .  10. S c a l e  b a r s :  A,B,  1 0 0 0 ~ ;  C , D , J ,  1 0 0 ~ ;  E,F,G,H, 5 0 ~ .  A ,  

Anoka, o c t a h e d r i t e  ; B, C ,  Monahans, and D, E,  P i z o n ,  N i - r i c h  

a t a x i t e s ;  F-G, p l e s s i t e  t e x t u r e s  a t  h i g h  m a g n i f i c a t i o n ,  i n  F, 

T l a c a t o p e c ,  N i - r i c h  a t a x i t e ;  G, Odessa ,  o c t a h e d r i t e ;  H, To luca ,  

o c t a h e d r i t e ;  J ,  G r a n t ,  o c t a h e d r i t e ,  showing p l e s s i t e ,  t a e n i t e  

( c l e a r ) ,  and k a m a c i t e  ( t o p  o f  pho tograph) .  
# 

F i g .  11. F i g s .  11-16 c o n t a i n  e l e c t r o n  mic roprobe  p r o f i l e s  t a k e n  

i n  a r t i f i c i a l  a l l o y s  and i r o n  m e t e o r i t e s ,  numbered i n  c o r r e s p o n d e n c e  

w i t h  t races  shown i n  F i g s .  6-10. I n  a l l  cases beam moved from 

r i g h t  t o  l e f t  ( a r r o w s ) .  1 , 2 ,  p ro f i l e s  i n  18% N i  and 8% N i  

c o o l e d  a l l o y s ,  showing homogeneity.  3-5, p r o f i l e s  i n  8% N i  

a n n e a l e d  a l l o y ;  6 , 7 ,  8% N i  - 0.2% P a n n e a l e d  a l l o y .  

F i g .  12 .  P r o f i l e s  8-10, A r i s p e ;  11-17, CaGon D i a b l o ;  18-26, Odessa. 

F i g .  13. P r o f i l e s  27-29, T ren ton ;  30-32, S a n t a  Apo lon ia ;  33, 

Henbury; 34-41, To luca .  

F ig .  14 .  P r o f i l e s  4 2 , 4 3 ,  Toluca ;  44-51, B r i s t o l ;  52-54, Duchesne; 

55-59, Gran t .  

F i g .  15. P r o f i l e s  60-65, Gran t ;  6 6 , 6 7 ,  Anoka. 

F i g .  16 .  P r o f i l e s  6 8 , 6 9 ,  Monahans; 70-73, PiGon. 

F i g .  17 .  A: T y p i c a l  &I -p ro f i l e ,  measured i n  Odessa.  B: Unsuc- 

c e s s f u l  a t t e m p t s  t o  match A wi th  computed p r o f i l e s ,  u s i n g  a / ( a  + 7) 
boundary of  Owen and L iu  (1949) and assuming v a r i o u s  c o o l i n g  

ra tes .  C: More s u c c e s s f u l  a t t e m p t s  t o  match A ,  u s i n g  t h e  some- 



what d i f f e r e n t  a / ( a  + y )  boundary shown i n  F i g .  18. D: D e t a i l e d  

b match between measured and computed p r o f i l e s  ( l a t t e r  p l o t t e d  as 

b l a c k  d o t s ) ,  f o r  c o o l i n g  ra te  of 1 . 5 ° C / m i l l i o n  years .  

F i g .  18. a / ( a  + 7) boundary of  Owen and L i u  (1949) ,  and boundary 

t h a t  a p p e a r s  t o  have c o n t r o l l e d  f o r m a t i o n  o f  o c t a h e d r i t e s .  

Hatched areas: a p h a s e  ( f u n c e r t a i n t y )  c r e a t e d  i n  a n n e a l i n g  

e x p e r i m e n t s .  

F i g .  19 .  T y p i c a l  r e l a t i o n s h i p  between d imens ion  o f  computed M- 

p r o f i l e  and N i  c o n t e n t  a t  c e n t e r .  Dashed l i n e s  show e f f e c t s  p ro -  

duced by v a r y i n g  p a r a m e t e r s .  A:  Decrease i n  b u l k  N i  c o n t e n t  

o f  sys t em.  B: I n c r e a s e  i n  c o o l i n g  ra te .  C:  Decrease i n  

t e m p e r a t u r e  o f  n u c l e a t i o n .  

F i g s .  20 and 21.  Comparisons between computed and measured 

h a l f - w i d t h  - c e n t r a l  N i  c o n t e n t  r e l a t i o n s h i p s  i n  M - p r o f i l e s .  

Computed r e l a t i o n s h i p s  p l o t t e d  as l i n e s ;  s o l i d  l i n e s  r e p r e s e n t  

t h e  case i n  which  no s u p e r c o o l i n g  w a s  assumed; t h e s e  are l a b e l e d  

a c c o r d i n g  t o  c o o l i n g  ra te  assumed. Where v a r i o u s  d e g r e e s  o f  

s u p e r c o o l i n g  were assumed, t h e  d e v i a t i o n s  t h e s e  caused  f rom t h e  

n o - s u p e r c o o l i n g  case a re  shown as  dashed  l i n e s .  The b u l k  N i  

c o n t e n t  assumed i n  computing each  r e l a t i o n s h i p  is shown a t  lower  

Left., Measured m e t e o r i t i c  h a l f - w i d t h  - c e n t r a l  N i  c o n t e n t  

r e l a t i o n s h i p s  are e n t e r e d  a s  p o i n t s ,  numbered i n  c o r r e s p o n d e n c e  

w i t h  p r o f i l e s  i n  F i g s .  12-16. White  p o i n t s  r e p r e s e n t  p r o f i l e s  

a b u t t e d  by l a t e - c r y s t a l l i z e d  kamac i t e ;  s u p e r c o o l i n g  h a s  exerted 

some i n f l u e n c e  on t h e s e .  Black p o i n t s  r e p r e s e n t  p r o f i l e s  bounded 



by r e l a t i v e l y  ea r ly - fo rmed  kamac i t e .  S u p e r c o o l i n g  may or may n o t  

i a v e  p receded  c r y s t a l l i z a t i o n  of t h e  l a t t e r .  

F i g .  22. C o o l i n g  rates o f  o c t a h e d r i t e s  s t u d i e d ,  p l o t t e d  a g a i n s t  

c o m p o s i t i o n .  

F i g .  23, C o o l i n g  r a t e  ( a t  T = 50OoC) a t  c e n t e r s  of p l a n e t s  of 

c h o n d r i t i c  c o m p o s i t i o n ,  as a f u n c t i o n  o f  s ize .  Curves  f o r  t w o  

d i f f e r e n t  assumed i n i t i a l  t e m p e r a t u r e  d i s t r i b u t i o n s  are  g i v e n .  

P l a n e t s  o f  r a d i u s  g r e a t e r  t h a n  abou t  420 k m  would not  c o o l  t o  

500°C d u r i n g  t h e  a g e  o f  t h e  s o l a r  sys t em.  

F i g .  24.  R e l a t i o n s h i p  between c o o l i n g  ra te  and a v e r a g e  magni- 

t u d e  of A g r e l l  e f f e c t  ( d e f i n e d  a s  % N i  a t  c e n t e r s  of k a m a c i t e  

p l a t e s  minus % Ni i n  k a m a c i t e  a t  k a m a c i t e / t a e n i t e  i n t e r f a c e )  i n  

o c t a h e d r i t e s  s t u d i e d .  

4 
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ERRATUM -- About Ataxi tes  

The P izon  p r o f i l e s  i n  Fig. 16 are scrambled .  P r o f i l e  73 i n  
+Fig. 16  c o r r e s p o n d s  w i t h  p r o f i l e  70  i n  F ig .  10D. P r o f i l e s  70-72 
i n  F ig .  16  do n o t  co r re spond  w i t h  71-73 i n  F i g .  10E. The P izon  
p o r t i o n  of  F ig .  2 1  is i n c o r r e c t ,  

t, 

N i  g r a d i e n t s  i n  P inon  and Monahans are  e x t r e m e l y  s t e e p .  
A s  no ted  i n  t h e  p r e p r i n t ,  t h e y  must have been produced by v e r y  
r a p i d  c o o l i n g ,  e x c e s s i v e  s u p e r c o o l i n g ,  or bo th .  To a r r i v e  a t  
un ique  t h e r m a l  h i s to r i e s  for  these  m e t e o r i t e s  would r e q u i r e  t h a t  

e x t r e m e l y  s m a l l  s t r u c t u r e s  be p r o f i l e d ,  smaller t h a n  t h e  r e s o l u -  
t i o n  of t h e  probe  beam allows. 

The  ( c o r r e c t )  N i - r i c h  a t a x i t e  p r o f i l e s  are c o n s i s t e n t  w i t h  
c o o l i n g  a t  -200"/m.y. (PiGon) and -10, OOOO/m.y. (Monahans) i f  no 
s u p e r c o o l i n g  is assumed. A d d i t i o n a l  computa t ions  have been made 
t o  d e t e r m i n e  how much s u p e r c o o l i n g  would have had t o  o c c u r  i n  
a l l o y s  t h a t  coo led  a t  a more normal ra te ,  i n  o r d e r  t o  produce  
s i m i l a r l y  s t e e p  p r o f i l e s .  The N i - r i c h  a t a x i t e s  are members o f  
Ga-Ge group I V .  If w e  assume t h e  c o o l i n g  ra te  of 10"/m.y. 
i n d i c a t e d  i n  t h i s  p a p e r  for o t h e r  m e m b e r s  o f  groups  I11 and I V  

( o c t a h e d r i t e s ) ,  it t u r n s  o u t  t h a t  Monahans must have been s u p e r -  
c o o l e d  by abou t  200°C ( t o  --470"), Pinon by -100" ( t o  -500"). 

These c r y s t a l l i z a t i o n  t e m p e r a t u r e s  are  abou t  100" lower t h a n  t h e  

t e m p e r a t u r e s  a t  which Widmanstztten s t r u c t u r e  appeared  i n  s e v e r a l  
o f  t h e  octahedrites s t u d i e d ,  but o n l y  about  50" lower t h a n  
t e m p e r a t u r e s  a t  which some la te - formed k a m a c i t e  c r y s t a l s  appea red .  

I t  a p p e a r s  t o  m e  now t h a t  s u p e r c o o l i n g  is more l i k e l y  t h a n  
r a p i d  c o o l i n g  t o  have caused  t h e  s t e e p  N i  g r a d i e n t s  i n  a t a x i t e s .  
If I'iz~n had c o o l e d  r a p i d l y ,  p l e s s i t e  i n  i t  shou ld  be f i n e r  t h a n  
p l e s s i t e  of comparable  composi t ion  i n  t h e  o c t a h e d r i t e s ,  accord izg 
t o  t h e  mechanism of p l e s s i t e  f o r m a t i o n  developed  i n  S e c t i o n  5. 
I n  f a c t ,  P inon  p l e s s i t e  appea r s  t o  be comparable  i n  c o a r s e n e s s  t o  

p l e s s i t e  i n  Odessa  and Toluca ( F i g .  10E v s .  F i g s .  10G and H ) .  


